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Abstract

Gonadotropin-releasing hormone receptor (GnRH-R), which is a Class A G-protein coupled
receptor (GPCR), has a vital role in the regulation of sex hormones. The receptor also has a
prominent role in diseases, with examples being reproductive cancers and non-reproductive
cancers like glioblastoma. Gonadotropin-releasing hormone (GnRH) agonists have been proven

to combat cell proliferation in cancers.

Therefore, studies on how GnRH binds to GnRH-R using computational methods are valuable
for further investigation of the GnRH-R activation. The aim was to study the activation
mechanism of GnRH-R, in addition to discover how an active model of GnRH-R in complex
with GnRH would conformationally change using the computational methods docking and

molecular dynamics (MD).

GnRH was docked into a published X-ray crystal structure of GnRH-R and a GnRH-R
homology model using Glide® ligand docking and induced fit docking (IFD), this was to study
ligand poses and the ligand binding mode. Homology modeling through Prime® was done in
order to generate an active structure that was different from the crystal structure, which was
inactive. MD-simulations were executed in Desmond® to study the ligand binding mode further

along with conformational changes.

The results from the docking indicated that GnRH made some known interactions with protein
residues in the binding pocket of GnRH-R. However, the ligand did not fully occupy the
orthosteric site, and specific residues were sticking out of the binding pocket. MD-simulations
highlighted differences between the X-ray crystal structure (inactive) and the homology model
(active). At the end of the MD-simulation, the homology model attained a conformation where
transmembrane helices were reminiscent of an active GPCR structure. The crystal structure did

not undergo any great conformational change during the MD-simulation.
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1 Introduction

The first crystal structure of a G-protein coupled receptor (GPCR) was published in the year
2000 (1). Since then, about 70 unique GPCR structures and over 370 GPCR structures bound
to different ligands have been discovered (2). A study from 2018 estimated that 25-35% of
approved drugs target GPCRs, this was based on lists from the European Medicines Agency
(EMA) and the U.S Food and Drug Administration (FDA), signifying the importance of GPCRs
as drug targets (3). Pharmaceuticals identified through computational structure-based drug
design on GPCRs are rapidly increasing (2). A GPCR, where the structure-activity relationship
is still being studied, is the gonadotropin-releasing hormone receptor (GnRH-R). GnRH-R is a
target for diseases affecting the reproductive system and has been expressed on non-
reproductive cancer cells as well (4). Recently, a GnRH-R X-ray crystal structure was identified
and published in the Protein Data Bank (PDB). The crystal structure discovered was bound to
the GnRH-antagonist Elagolix (5). The published X-ray crystal of GnRH-R, in addition to 3D
structures of gonadotropin-releasing hormone (GnRH), form the basis for further research using

computational methods for both GnRH-R and GnRH.
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2 Background

2.1 The endocrine system and the feedback mechanism

The basis of the endocrine system is how stimuli affect endogenous glands, which in turn
release hormones in the bloodstream (6). The endocrine system covers every gland which
releases hormones and its belonging signaling system. Hormones lead to biological activity as
a result of receptor binding, and their activity consists mostly of regulation, in fact, many
hormonal receptors are GPCRs (6, 7). Hormones regulate factors connected to reproduction,
electrolyte balance in body fluids, and metabolism (6). Along with the executive control organ
hypothalamus, major glands which make up the endocrine system are the pituitary gland,
parathyroid- and thyroid glands, the thymus, the adrenal gland, the pancreas, the ovary, and the

testis (6). The location of the hypothalamus and primary glands can be seen in Figure 1.

Pituitary

gland b)
c)
e) d
f)
N 2,
' 9)

Figure 1: The human body and the organs and glands making up the endocrine system: a) the hypothalamus and
pituitary gland, b) the thyroid gland, c) the thymus, d) the pancreas, e) the adrenal gland, f) the ovary (females),
and g) the testis (males), the testis is located roughly the same place as the ovaries. Inspiration taken from Figure
1-1 in Endocrine Physiology by Molina P.E. (8). Created with BioRender.com.
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Different endocrine glands secrete different hormones (9). The hypothalamus produces the
following releasing hormones: GnRH, corticotropin-releasing hormone, thyrotropin-releasing
hormone, and growth hormone-releasing hormone. Inhibitory hormones released by the
hypothalamus are somatostatin, dopamine, vasopressin, and oxytocin (10). The anterior
pituitary gland produces thyroid-stimulating hormone (TSH), adrenocorticotropic hormone,
growth hormone, luteinizing hormone (LH), follicle-stimulating hormone (FSH), and prolactin
(11). The posterior pituitary gland secretes oxytocin and arginine vasopressin (10). The thyroid
gland produces triiodothyronine and thyroxine, which are involved in cell differentiation,
energy balance, and growth (12). The pancreas secretes insulin (13). The adrenal gland
produces principal hormones such as aldosterone, dehydroepiandrosterone, and cortisol, as well
as epinephrine and norepinephrine, which relate to stress response (14). The testes produce
testosterone (15), and the ovaries produce estrogen (16), both essential for sex differentiation

and reproduction.

To uphold a correct regulatory function, the gland in the endocrine system requires feedback
on the current state of hormone activity. The feedback mechanism can be separated into
negative and positive feedback (17). Negative feedback regulation works on the hypothalamus
and the anterior pituitary gland. It is a mechanism that results in the secretion of stimulating
hormones getting reduced(18). An example is how an increase in the release of thyroid hormone
from the thyroid gland into the bloodstream, which is secreted by the thyroid gland, inhibits the
secretion of TSH. In this case, the anterior pituitary is the target for TSH. Positive feedback
regulation, however, happens under specific conditions, and an example is how LH is affected
by positive feedback during ovulation when estradiol is released. During positive feedback the
hormones in circulation feed forward and trigger the release of the initial hormone (18).
Negative feedback is more common than positive feedback and is important for the regulation
of hormone secretion, for example, a well-functioning feedback regulation prevents hormonal

disorders (18).
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2.1.1 Hypothalamus and the pituitary gland

The hypothalamus is a nuclei-dense area with vital bodily functions (19). It is part of the
interbrain, also called the diencephalon, which is located between the endbrain and the midbrain
(20). Hypothalamus has connections to the following structures: the amygdala, hippocampal
region, olfactory bulb, retina, and the cerebral cortex (21). These connections allow it to affect
regulatory processes in the body. It is mainly considered the link between the nervous system
and the endocrine system. The hypothalamus is deeply involved in convoluted systems, but in
short, it has a key function in upholding homeostasis, which is connected to the endocrine

system (21).

The hypothalamus consists of parvocellular and magnocellular neurons, and these two types
express neurohormonal activity (10). Parvocellular neurons are smaller in size than the
magnocellular neurons and release releasing hormones such as GnRH or inhibiting hormones
such as somatostatin. These peptides are transported through portal veins, where they
eventually affect the anterior pituitary. Magnocellular neurons are both larger than
parvocellular neurons and produce more hormones. Magnocellular neurons produce oxytocin

and vasopressin, which through axonal transport, affect the posterior pituitary (10).

The pituitary gland, which is a pea-sized endocrine gland attached underneath the brain and has
a wide array of essential functions (22). These functions are guiding the homeostasis, preserving
the reproductive cycle, and conducting the activity of other glands in the endocrine system
(22). The pituitary gland consists of the anterior- and posterior pituitary gland. The posterior
pituitary gland is smaller than the anterior pituitary and is essentially an extension of the
hypothalamus, it stores oxytocin and vasopressin, which are later released (10). The anterior
pituitary is larger and is responsible for the release of tropic hormones, which target organs and
result in the release of the target hormone (11). The hypothalamus, the anterior pituitary gland,
together with the gonadal glands, make up the hypothalamic-pituitary-gonadal axis (HPG axis),
a single system important for developing and maintaining the reproductive- and the immune

system (23).
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The HPG axis is displayed in Figure 2, and it begins with the hypothalamus secreting GnRH.
GnRH binds to the GnRH-R, which is present on pituitary gonadotropic cells in the anterior
pituitary (23). This, in turn, triggers the gonadotropic cells to produce and release LH and FSH,
both a part of the gonadotropin family of glycoproteins (24, 25). At the end of the axis for
males, LH will bind to receptors expressed on Leydig-cells situated in the testis, this starts the
production of testosterone (26). For females, a rise in the concentration of LH, especially acute,
will bring about ovulation (27). FSH binds to Sertoli-cells in males which are connected to
testis growth (15). In females, FSH brings about follicular growth amid the follicular phase
(16). The HPG-axis is regulated by the hypothalamus, but the system itself is susceptible to
both positive and negative feedback (10). This means that testosterone or estrogen can suppress
the release of gonadotropins. One mechanism is inhibiting the release of GnRH from the
hypothalamus and another mechanism affecting GnRHs binding to the GnRH-R on the anterior
pituitary (28).

Hypothalamus

GnRH .2

Anterior pituitary

/— LH and FSl:i. (i
/ \ Female gonad

Male gonad

4 T

° L]
'e® ©
Testosterone Estrogen and progesteron
Figure 2: The HPG-axis. The sex hormones at the end of the axis can inhibit both the hypothalamus and anterior
pituitary. Inspiration taken from Geoffrey Harris” 1955 monograph model(29). Created with BioRender.com

Page 5 of 86



2.2 G-protein coupled receptors

GPCRs are a group of transmembrane (TM) proteins that can detect extracellular signaling in
form of small molecules/ligands and translate it to intracellular signaling (30). Examples of
ligands are adrenaline and salbutamol, both agonists which activate the ;-adrenergic receptor,
a GPCR (31). There are over 800 human GPCRs in the GPCR-superfamily, and these can be
classified and sorted into five dominant families: Rhodopsin-like (Class A), Frizzled/TAS2
(Class F), Glutamate (Class C), Adhesion (Class B2) and Secretin(Class B) (32, 33). Regarding
the structure, GPCRs have a TM domain consisting of 7 TM helices which are bound by
intracellular loops (ICL) and extracellular loops (ECL) (34). Three-dimensionally, the helices
are bundled together and embedded in a cell membrane, with the C-terminus on the intracellular

side and the N-terminus on the extracellular side of the membrane (34).

Besides having low sequence identity and different N-terminals, the different classes of GPCR
have different ligand binding sites (35). GPCRs belonging to class A have their orthosteric
ligand-binding site located in the 7TM-domain. Class B GPCRs differ by having their
orthosteric ligand recognizing site both in the 7TM-domain and the Venus fly trap (VFT)
domain of the protein. Class C GPCRs have their orthosteric ligand-binding pocket exclusively
in the VFT domain. For Class F GPCRs, ligands are recognized based on their orthosteric
extracellular cysteine-rich domain. GPCRs also have allosteric binding sites, which are another
site than the active site/orthosteric site, except for class A GPCRs, where the allosteric site

overlaps with the orthosteric site (35).

The G-protein coupled with all human GCPRs are assumed to be heterotrimeric, meaning the
protein consists of three different subunits: Ga, G, and Gy (36). The G-protein itself can be
divided into different families based on the a-subunit. The different families are Gos, Goi, Gog/i1,
and Gai213. These distinctive subunits lead to specific signaling pathways: Both Gos and Gaoi
are connected to the adenylyl cyclase signaling pathway, Gog11 stimulates phospholipase C
(PLC), and Gai213 are involved in GTPase activation (37). The ability to bind nucleotides
guanosine triphosphate (GTP) and guanosine diphosphate (GDP) is shared among all known
GCPRs and plays a leading role in its intracellular signaling(36). Some GPCRs, such as GnRH-
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R, can couple with multiple G-proteins, depending on a context and specific cells, therefore

leading to different signaling cascades (38).

2.2.1 Class A G-protein coupled receptors, structure and activation

Class A GPCRs, also defined as ‘Rhodopsin-like’, are the most significant and well-studied
family within the superfamily of GPCRs (39). A simplified class A GPCR structure is displayed
in Figure 3. A distinct molecular signature class A GPCRs possess is the ECL2 (40). ECL2 in
GPCR class A is relatively longer than ECL1 and ECL2, and has a unique -hairpin motif (40).
It has been proven that ECL2 forms a ‘lid"-like purpose which is responsible for both restricting
and guiding ligands to the ligand-binding site within the 7TM domain facing the extracellular
site (40). Class A GPCRs have also been proven to undergo conformational changes when
activated, where both TM6 and TM7 have shown movement on the intracellular side upon
activation, with TM7 also showing movement on the extracellular side (41). TM3 has been
shown to have cystolic rotation (41). In comparison, TM6 has shown outward movement (34).
A study on the PBr-adrenergic receptor, a class A GPCR, shows that the movements of helices
on the cytoplasmic side ultimately open up space for the Ga-subunit (42). In the same study,
helices TM5, TM6, and TM7 moved relative to TM3 on the cytoplasmic side, making G-protein

coupling possible and attaining an active conformation(42).

(Norm)
ek @) B i @l
D NGCC NoROSNCC N GOY
0»4 e G“/' LT 9/4 LA
< 224 LZF 24 2=
4o NG oSO GO NS CONGH>
AN 2000 Sy My ;46'
WL (L= W (S Q@» £
O o1 o T S50
ey o
@,é*

Figure 3: A simplified two-dimensional representation of the primary structure of the GnRH-R, a class A GPCR.
Acquired from gpcrdb.org (43).
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2.2.1.1 GnRH-R structure

GnRH-R is a class A GPCR. While the termini and loops are different from other GPCRs, the
TM domains in GnRH-R are conserved (44). Flanagan et al. reported the following highly
conserved GnRH-R residues/motifs in 2017 based on site-directed mutagenesis studies: Asn53,
Asn87, Aspl38-Argl39-Ser140 (DRS), Trpl64, Pro223, Cys279-Trp280-Thr281-Pro282-
Tyr283 (CWxPY), and Asp319-Pro320-Leu321-11e322-Tyr323 (DPxxY) (44). GnRH-R does
not have a free C-terminus, this is common for GnRH-R in both human and mammalian
cells(45). Like other class A GPCRs GnRH-R have a distinct ECL2 which connects TM4 and
TMS5 (46). ECL2 in GnRH-R consists of 25 amino acids (46). It should be noted that the length
of ECL2 for class A GPCRs depends on the receptor (47). A 3D structure for GnRH-R in a
complex with the GnRH antagonist Elagolix has been acquired through X-ray crystallography
and published with accession code 7BR3 in PDB (5).

In a review article, Tzoupis et. al. propose that the following protein residues in GnRH-R are
important for ligand-receptor binding: Asn212, Asp98, Lys121, Tyr290, Asp302, and Asn102
(46). These protein residues have been highlighted in Figure 4 and helps visualize where the
binding pocket of GnRH-R is located. It should be noted that the residues Tzoupis et. al. propose
are gathered from site-directed mutagenesis data as well as data on ligand binding assays

connected to GnRH (46).

The protein residues mentioned are specifically for the B-hairpin conformation of GnRH, and
the ligand-receptor interactions are as follows: pGlul from the peptide with Asn212 from the
protein, His2 with Asp98 along with His2 with Lys121, Tyr5 with Tyr290, Arg8 with Asp302,
lastly Gly10 with Asn102 (46). Flanagan et. al. have concluded that there is a consensus ligand
binding pocket in addition to interactions made outside of this ligand binding pocket (44). For
the consensus ligand binding pocket, suggested protein residues are Lys121, Trp280, Tyr283,
and Phe309 (44). For the interactions made outside the ligand binding pocket suggested by
Flanagan et. al. the protein residues Asp98, Tyr290 and Asp302 holds significant importance
(44).
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Figure 4: GnRH-R (PDB: 7BR3(5)) in green. The bound Pyrococcus abysi glycogen synthase domain has been
removed. Transparency of the 3D structure has been set to 0.5 in PyMol. Amino acids responsible for ligand
binding have been highlighted and colored magenta.
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2.3 The gonadotropin-releasing hormone

GnRH is an endogenous decapeptide, which is related to human development and reproduction
(48). Two different isoforms of GnRH have been discovered in humans, GnRH-I and GnRH-II
(46). The difference between the GnRH-isoforms is the four residues between the conserved
N-terminus amino acids: pGlul, His2, Trp,3 Ser4, and C-terminus amino acids: Pro9, Gly10
(46). GnRH 1 is the most well-known and studied (46). GnRH 1 consists of the following
amino acids: pGlul-His2-Trp3-Serd-Tyr5-Gly6-Leu7-Arg8-Pro9-Gly10 (49). GnRH-I will
hereby be termed GnRH.

The N-terminal of GnRH has a pyroglutamate. Pyroglutamate is an amino acid derivate which
is a lactam of glutamic acid (50). While the origins and exact function of pyroglutamate as an
amino acid derivate is unclear, its presence has been confirmed in living cells (50). At the C-
terminal there is an amine, which makes the last amino acid in the decapeptide chain a
carboxamide (49). Amino acids near the N-terminal and C-terminal in GnRH, are involved in
receptor binding (44, 46). Their respective domains are pGlul-His2-Trp3-Ser4 and Pro9-
Gly10, which are both conserved and necessary for binding and activation of the GnRH-R (51).
The non-conserved domain which consists of Tyr5-Gly6-Leu7-Arg8 has shown to be the basis

of other isoforms of GnRH while also increasing ligand specificity for the GnRH-R (46, 52).

GnRH is considered fundamental for altering the release of FSH and LH. The release of GnRH
is done in a pulsatile manner from the hypothalamus, and this pulsatile secretion is different for
FSH and LH (53). FSH secretion seems to be more irregular than LH. In addition, over 90% of
GnRH pulses are related to FSH release (54, 55). GnRH also plays a pivotal role in LH release,
a GnRH surge is interlinked with pre-ovulatory LH- release, and this specific occurrence and
interaction is dose-dependent (56). The biological relevance of GnRH is associated with both
puberty and reproduction; this is indirectly through the secretion of FSH and LH (57, 58).
Drastic changes in GnRH pulses do lead to certain endocrine disorders such as chronic
anovulation or luteal insufficiency (59). Changes in GnRH release can result in GnRH
deficiency in males, with symptoms being infertility, decreased muscle mass as well as other

symptoms of incomplete sexual maturation (60).
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2.3.1 Gonadotropin-releasing hormone receptor function

When GnRH binds to the GnRH-R located in the anterior pituitary, it triggers the activation of
the receptor, the receptor then recruits the Ga subunit of the G-protein on the cytoplasmic side
(61). The general consensus among researchers is that the coupled G-protein is of the Gg11
family for the pituitary cells and it is coupled with GnRH-R(61). As shown in Figure 5, the
active receptor induces the exchange of a GDP for GTP, and this releases the a-subunit from
the G-protein. The a-subunit, now released and activated, continues to activate the PLC B-
signaling pathway(62). The PLC B-signaling pathway involves the endogenous molecules:
Phosphatidylinositol 4,5-bisphosphate (PIP2), Diacylglycerol (DAG), and Inositol 1,4,5-
triphosphate (IP3). (63). An activated PLC will cleave PIP,. PIP» together with other
phospholipids make up the cell membrane and have the inositol head group facing towards the
intracellular environment. PIP; is cleaved into IP3 and DAG, which works as second messengers

(64).
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Figure 5: A simplified overview of the Phospholipase C Signal Transduction. Figure taking inspiration from
Silverthorn’s Human physiology 4 edition (65). Adapted from “Activation of Protein Kinase C (PKC)”, by
BioRender.com (2022). Retrieved from https.//app.biorender.com/biorender-templates
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IP; and DAG have objectives as second messengers in the signaling pathway. While both
molecules promote the gene expression and secretion of gonadotropins, their routes for
achieving this is different from one another. IP; ends up binding to IP3 receptors on the
endoplasmic reticulum which leads to the release of Ca?" intracellular. This together with DAG
stimulate Protein kinase C (PKC) activation. PKC is a central enzyme in regulating specific
proteins which bring forth the synthesis of gonadotropins(61, 63, 66). PKC will prompt the
activation of extracellular signal-regulated kinases (ERK). ERKs together with Mitogen
activated protein kinases (MAPK) makes up the ERK/MAPK pathway. This leads to

differentiation and proliferation of gonadotropic cells (67).

2.4 Pathophysiology of GhRH and GnRH-R

GnRH together with GnRH-R are major factors when it comes to the pathophysiology regarding
the reproductive system in females. The presence of GnRH-Rs on human cells located in the
ovary and endometrium are undeniable and have been researched(68). Behind the
GnRH/GnRH-R interaction there is a hypothalamic neural network which controls both the
pulsatile secretion of GnRH and its synthesis. This neural network undergoes neuronal
migration from medial olfactory placode to the hypothalamus, which happens in the timespan
between conception and birth(69, 70). A defect in the migration of neurons can cause abnormal
activity or, in worst cases, missing GnRH activity. This in turn, leads to hypogonadism which

affect reproduction negatively (71).

GnRH-Rs have also been proven to be expressed on cancer cells. Types of cancer which GnRH-
R is involved in are endometrial-, breast-, ovarian-, and prostate-cancer (72). A suggested
function of GnRH-R on tumors is that it is a part of an autocrine or paracrine system. This
means GnRH-R is stimulated either through the tumor cell it is expressed on or by nearby tumor
cells. GnRH-R and its role in the autocrine system for tumors have been confirmed to control

cell proliferation(72, 73).

GnRH-R expressed on tumor cells have different signaling pathways than non-cancer related
GnRH-R (4). GnRH-R expressed on prostate cancer cells are coupled with the G;j protein,
another family of G-proteins, therefore it also has another signaling cascade (4). After the
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GnRH-R is activated and has recruited the Go-subunit, G;i protein functions by lowering
intracellular cyclic adenosine monophosphate (cAMP). This is done when the a-subunit inhibits
the cAMP dependent pathway of protein kinase A. However, this leads to the activation of
specific MAPK kinases, phosphatidylinositol-3-kinase and phosphotyrosine phosphatase (4).

2.4.1 Glioblastoma

Glioblastoma, also known as glioblastoma multiforme (GBM) is an overly aggressive type of
cancer which can appear within the brain (74). In the U.S, it has been reported that patients with
GBM have a 5-year survival rate of 5,1% and a 1-year survival rate of 37,2% (75). The cancer
is defined as a malignant brain neoplasia, meaning it is highly uncontrollable and results in
invasive growth in nearby brain tissue (76). GBM arise in glial cells in the central nervous
system, glial cells are central for supplying nutrition along with oxygen for neurons located in
the brain (77). While the complete pathophysiology of GBM is not fully understood, literature
have reported expression of GnRH-R in GBM and its possible role as a regulator of metastasis
and cell-growth of cancer (72). GnRH agonists have also been confirmed to have an

antiproliferative effect on cancer cells (73).

2.5 Pharmaceuticals acting on GhnRH-R

GnRH agonists and GNRH antagonists are the two types of drugs acting on GnRH-R. Agonists
activates a biologic response similar to the endogenous GnRH binding to GnRH-R. Antagonists
obstructs GnRH-R, effectively blocking the natural biologic response. GnRH antagonists will
compete against GnRH when administered (78). Some known GnRH-agonists are Goserelin
(Zoladex ®) and Leuprorelin (Eligard ®). These marketed drugs can be seen along with GnRH
in Figure 6. While peptides make up the GnRH agonists, GnRH antagonists can either be

peptides or non-peptides, which are small molecules.
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Goserelin Leuprorelin Gonadotropin-releasing hormone

Figure 6: Structural formula image of the marketed drugs Goserelin (Zoladex ®) and Leuprorelin (Eligard ®), two
GnRH analogues along with GnRH.

Agonists are also considered GnRH-analogues (79). Meaning the molecular structures are
related and based on GnRH. In Figure 6 it is especially evident for Goserelin and Leuprorelin
which have a modified sixth residue and a modified C-terminal compared to its endogenous
counterpart GnRH. GnRH-analogues have been modified to bind to GnRH-R with higher
affinity, having a dissociation constant of 1 nano molar, while also being more resistant to
enzymes. Being more resistant to enzymes prevents rapid degradation when administered,
therefore increasing the half-life (79). Position 6 in the peptide chain is often switched out with
another d-amino acid to increase enzymatic stability or a hydrophobic group which proves to
increase affinity for GnRH-R. Administrating GnRH analogues on a regular basis result in

desensitization as well as reduced expression of GnRH-R (79).

GnRH antagonists exist either as GnRH analogues or small molecules (80). Over the last years
the development of small molecules have been prioritized over peptide-like antagonists. The
reason lies with peptides usually being prone to environmental degradation and having a shorter
half-life overall (5). Examples of small molecule GnRH antagonists are Elagolix and Relugolix
which can be seen in GFigure 7 (5, 81). Compared to GnRH agonist analogues, GnRH

antagonists which are also GnRH analogues have further residue position modifications, which
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are usually modifications at residue position one (pGlu)1, two (His2), three (Trp3) as well as
eight (Arg8) (82). Small molecule GnRH antagonists like Elagolix and Relugolix are based on
uracil derivates, with the uracil pharmacophore is widely used as a starting template for
developing small molecule antagonists (80). GnRH antagonists binds reversible to GnRH-R
and act to immediately suppress both LH and FSH without desensitizing GnRH-R (80).
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GFigure 7: The GnRH antagonists Elagolix and Relugolix.

2.6 Computational approaches to drug design

Development in technology has led to molecular modeling being an efficient approach in drug
discovery and design (83). Essentially, molecular modeling is to simply replicate the role of a
molecule or molecular system through either molecular mechanics, quantum mechanics or both
(83). To be able to do molecular modeling a 3D model of the molecule or molecular system is

needed, therefore suitable hardware and proper software is needed to visualize it (84).
3D models used for molecular modeling are acquired through published structures in databases

e.g., PDB (85). Two modern approaches to structure determination are X-ray crystallography

and cryo-electron microscopy (EM). X-ray crystallography uses X-rays on a protein crystal to
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assess its 3D structure (85). Cryo-EM use electron rays through a microscopy on a frozen

sample of proteins (86).

As molecules are not in fixed positions, conformational analyses are needed as molecules can
attain different conformations considering the environment they occupy (84). Examples on two
approaches are Monte Carlo methods and molecular dynamics (MD) (84). Monte Carlo is a
random search method where newly obtained conformations are a result of random iterations
on the structure e.g., torsion angles(84). MD simply explained are time based motions of a

molecule or molecules (84).

The mechanics behind molecular modeling can be split into two distinct categories which form
the basis of the computational approach to chemistry: molecular mechanics and quantum
mechanics. Molecular mechanics do not include electrons. However, it assesses classical
physics and its relation to molecules (nuclei and bonds), forcefields and torsions. Quantum
mechanics do include electrons and assess the relationship between nuclei and electrons using
quantum physics. Both methods and their application depend on the molecule and the given
task. Quantum mechanics are applied when calculating orbital energies for molecules and
electrostatic potentials. Molecular mechanics is used to study molecular motions such as MD
and when identifying stable conformations of a molecule (87). Quantum mechanics are used
for smaller molecules and its use requires hefty computational power considering the focus on
electron distribution (87), therefore molecular mechanics has been used to acquire the results
for this thesis, since its use can be applied to systems which contains larger molecules, such as

proteins.

2.6.1 Force fields

Force fields, simply explained, are the calculation of torsional energy, bending of angles, bond
stretching and interactions (non-bonded) along with polarizability using classical mechanics
found in physics (87). Force fields in general are applied in conventional MD and force field’
as a term is used interchangeably with molecular mechanics. When force fields are applied,
electrons are disregarded. Electrons are disregarded as a result of the Born-Oppenheimer

approximation. This approximation views the movements of nuclei and the movements of
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electrons as two separate movements. The Born-Oppenheimer approximation is implemented

when working with computational methods where force fields are applied (88).

Early force fields and force fields used today are based on the work by the pioneers Norman
Allinger, Shneior Lifson, and Harold Scheraga, all renowned scientists in the field of organic
macromolecules. The well-known force field models CHARMM, AMBER and OPLS were
developed during the 1980s. During the early developments of these force fields both
CHARMM and AMBER were mainly used and tested on gas-phase simulations. While
AMBER includes partial charges, CHARMM apply neutral charges. OPLS differs from
CHARMM and AMBER by trying to implement liquid state properties connected to
thermodynamics. Although all three models used a “united atoms” approach, meaning
hydrogen bound to carbons were treated as ‘one’, they have since moved from this and all three

are still being updated and implemented in computational methods to this day(88).

2.6.2 Molecular docking

The main objective with computational molecular docking is to visualize and get a better
understanding of the ligand binding mode as well as how two 3D structures interact with one
another. Docking results in three-dimensional intramolecular complexes, usually called poses,
consisting of two molecules: the ligand and the receptor. This means it is an efficient tool for
exploring the binding mode for agonists. Different types of docking exist and are used on the
basis of the objective for the docking simulation (89). In general, there is rigid docking (where
both ligand and receptor is treated as rigid structures), flexible ligand docking (receptor is rigid,
ligand is flexible), and flexible docking (both ligand and receptor are flexible) (89). A docking
pose is also accompanied by a score. This score is used to evaluate a ligand’s pose relatively to
one another. The score has basis in the free-energy related to the receptor-ligand complex.
While different equations exist, an additive equation was proposed by Ajay and Murcko in
1995, it is regarded as a complete and general equation for the docking score and measured in
kcal/mol:

AGbind = AGsolvent + AGconf + AGint + AGrot + AGE + AGvib
T

solvent is related to the solvent effect, conf'is related to conformational changes, int is related

to free energy arising from interactions, ro¢ represents loss of energy related to freezing
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rotations, #/7 is the loss of free energy connected to translation and rotation and vib is related to
energy connected to the different modes of vibration. A more negative score is related to a

strong binding between the ligand and the receptor. (83).

Induced fit docking (IFD) differs from rigid docking by accepting a flexible binding pocket for
the ligand. The flexible site is a result of a conformational change which is induced by the
ligand chosen for the docking. IFD usually result in negative change in enthalpy, loss of internal
energy, which compensates for the newly interactions formed between ligand and receptor
during the docking phase (90). IFD is available as a tool in Maestro and essentially combines
the rigid receptor docking and the protein structure prediction with refinement. As tool, IFD is
used especially for cases where the receptor undergoes movements because of the ligand, as it
regards both conformational side-chain changes and small backbone relaxations of the protein

91).

2.6.3 Homology modeling

Homology modeling is to build a molecular 3D structure from an amino acid sequence using
published 3D structures (termed templates) which are related (92, 93). The term homology is
connected to the word "corresponding’, and the term itself is rooted in the biologic consensus
of shared ancestry. Throughout evolution, some specific characteristics have remained similar
as a result of ancestry (94).From a molecular modeling standpoint, it can be correlated to how

a target and a template once had a common ancestor.

Homology modeling is usually performed to acquire quaternary structures for sequences which
do not have published 3D structures (93). At the beginning of the process relevant templates
are selected or searched for based on the amino acid target sequence (93). Choosing a template
of interest is an important step where the amino acid sequence is used as a basis to identify
existing, published, three-dimensional structures in valid databases (93). It solely depends on
the target sequence, as for some sequences there are a few well-known templates (93).
However, some target sequences need a thorough template search as a result of a broader

spectrum of templates to choose from (93).
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After a template is chosen an alignment of the amino acid sequence and the chosen template is
performed. The model building is done after the alignment. A model with sidechains, loops and
backbone is built on the basis of the alignment. The last step is a model evaluation. A model
evaluation can be superimposing the homology model with a native structure if possible, then
analyzing the root mean square deviation (RMSD) value Ca carbons, which make up the back-

bone of the protein (95).

In addition to the template search, the sequence alignment is a crucial step as well, with grave
errors in the sequence alignment resulting in an inferior model. The model evaluation is a
validation and assessment of the result. If the model does not comply with the demands of the
researcher, the full process can be repeated with a different template as well as another approach
to the model building (92). Forrest et. al. have assessed that for membrane proteins, a template
sequence identity of 30% indicates an applicable homology model (96). This is a good reference

point for building e.g., GPCRs which are situated in the cell membrane.

2.6.4 Molecular dynamics simulations

First developed in the 1970s, MD-simulation is a computational method focusing on motions
of molecules and atoms over a given time course. Simulations are based on physics, more
specific Newton’s laws of motion, and approximations of forces between bonded and non-
bonded atoms. A system containing a solvent model, boundary conditions including ion
placement is needed before conducting a MD-simulation. A system used for MD is consists of
the molecules of interest usually placed in a water model, a membrane, or both, this is then
encased in a boundary box(97). Forces are then being calculated for each atom. The motion of
each atom is based on these calculations. Finally, the motions are done over the specific time
period chosen (98). MD-simulations is usually done on proteins alone or in complex with
ligands/ other proteins to study the conformational change under set conditions such as

temperature and pressure (98).
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2.7 Aim of the study

It has been researched that GnRH agonists decrease proliferation on certain breast- and ovarian
cancer cells, in addition to glioblastoma cells (73). The decapeptide GnRH provide the basis
for many GnRH agonist analogues (99). While specific interactions between GnRH and GnRH-
R have been reported and published in literature (44, 46), computational studies on both the
receptor and ligand could prove valuable to see if the interactions lead to the conformational
change and an active structure of GnRH-R. The aim of this research was to explore the
activation mechanism of GnRH-R in addition to discover how an active model of GnRH-R in
complex with its endogenous ligand, GnRH, would be like. The purpose of this study was also
to investigate the peptide interactions GnRH made with its receptor through computational
methods such as docking and MD. The reason for studying this is because both GnRH and

GnRH-R have a central role in both hormonal diseases and specific cancers such as GBM.

Page 20 of 86



3 Methods

3.1 Software packages used

The graphical user interface Maestro by Schrodinger® was used to visualize glide ligand
docking and IFD poses, homology models, MD-simulations trajectories and post-MD analyses.
The following Schrédinger programs were used: Glide® (Schrodinger, LLC, New York, NY,
2021) was used for the ligand docking, Induced Fit Docking Protocol®(Glide, Schrodinger,
LLC, New York, NY, 2021; Prime, Schrodinger, LLC, New York, NY, 2021) was used for
IFD, Prime®(Schrodinger, LLC, New York, NY, 2021) was used for the homology modeling,
MD-simulations and its analyses were performed in Desmond® (D. E. Shaw Research, New
York, NY, 2021. Maestro-Desmond Interoperability Tools, Schrodinger, New York, NY, 2021)
. The Maestro version used was Maestro version 12.9.123, MMshare version 5.5.123, release
2021-3. The platform which Maestro was used on was Linux x86_64 which was on a computer
in a molecular modeling pc-lab. SWISS-MODEL, a homology modeling web server, was used
for template searching for the homology modeling. Superpositions with RMSD values
including specific figures was completed and made in PyMol, a molecular visualization system
by Schrodinger®. The PyMol version used was version 2.5.2. The platform PyMol was used

on was macOS Monterey version 12.3.1 which was on a personal computer.

3.2 Glide ligand docking

Glide ligand docking is a docking tool which is found in the computer application Maestro by
Schrodinger®. Glide finds the top docking poses based on a “funnel” method (100). Initially a
specific receptor grid and relevant ligands are needed. A receptor grid defines the available
space the ligand can occupy in the receptor structure. It is box-shaped with three different
coordinates defining it (x, y, z) and measured in Angstrom (A). The search for an optimal pose
is narrowed down through initial scoring and rough positioning inside the receptor grid. An
energy optimization is done using an Optimized Potentials for Liquid Simulations (OPLS) all
atom force field. this is followed by Monte Carlo sampling. Monte Carlo sampling is repeated
random sampling based on the probability distribution. Finally, the docked pose is chosen

through an energy function based on force field and empirical terms(100). Along with a docking
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score, Glide ligand docking also results with a glide ligand score. A glide ligand score does not

include Epik state penalties, which is essentially empirical pKa prediction for molecules (101).

To explore the binding mode of GnRH (PDB: 1YY 1) in GnRH-R (PDB: 7BR3) docking jobs
were executed with focus on known information about the binding pocket and interactions. To
begin with the GnRH-R structure was imported to Maestro through the PDB accession code:
7BR3, the published crystal structure of GnRH-R.

The protein was then pre-processed through the Protein Preparation Wizard. The role of protein
preparation is necessary considering some structures from PDB are incomplete, contain
molecular clashes or contain co-factors in form of molecules which are unwanted for the
docking job coming up. Therefore, a protein preparation makes the protein complete and
suitable for docking. In the Protein Preparation Wizard’s "import and process” tab the default
settings were chosen: "assign bond orders’, ‘use CCD database’, "add hydrogens’, "create zero-
order bonds to metals’, "create disulfide bonds’. "Fill in missing side chains using Prime” and
‘fill in missing loops using Prime” were implemented as well. for "Generate het states using
Epik” where the pH was set to 7,4+/- 0,3 to reflect the pH in vivo. Furthermore, in the ‘review
and modify” tab, every non-covalently bound residue except Elagolix was removed, the
covalently bound Pyrococcus enzyme was deleted as well. To complete the pre-processing, a
refinement in the 'refine” tab was done. Default settings for the Hydrogen bond (H-bond)
assignment were applied: 'sample water orientations’, ‘use PROPKA pH: 7.4". Waters were
removed: ‘beyond hets 3.0 A". A restrained minimization was done: ‘converge heavy atoms to

RMSD: 0.30 A.

Elagolix was used to localize the binding pocket, and then used as the center of the grid. After
locating the grid Elagolix was removed to leave the binding pocket open and free for the
docking of the ligand. Then the grid was generated using standard settings in the grid generation
tab, it was also made to be "suitable for peptide docking’, a setting in the grid generation tab
which basically pre-chooses the precision to standard precision (SP)- Peptide. When it came to
rotatable groups for the receptor, all rotations were allowed. Initial grid-size was set at 20 A,

which was a default setting.
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The 1YY1 PDB file contains 21 conformers and out of these the first entry was chosen for the
different docking jobs. The first entry of 1YY underwent the ligand preparation in LigPrep.
The following settings were used in LigPrep: force field was set to OPLS4, generate possible
states at target pH: 7,4+/- 0,3, desalt, generate tautomers, retain specified chiralities. A set of

50 (and later 100) stereoisomers were generated for the first entry of PDB: 1YY 1 as two differ.

For the ligand docking, the receptor grid was uploaded as a file along with the ligands from the
ligand preparation. For the docking job, default settings were used: "sample nitrogen
inversions’, ‘sample ring conformations’, 'bias sampling of torsions for: all predefined
functional groups’. The precision was set to Standard precision (SP)-Peptide with the ligand
sampling set to flexible which was a part of the standard settings. No specific constraints
settings were set, and the output was set to 5 poses per ligand. A post-docking minimization
was also set. After some docking attempts which died, the enclosing box size was adjusted and
the site was chosen to be 36 A in size, which is the maximum possible grid size in Maestro.
The glide ligand docking result was evaluated on the basis of published interactions between
GnRH and GnRH-R by Tzoupis et. al (46). The orientation of the peptide in the ligand binding
pocket was also evaluated. If the whole ligand was observed outside the ligand binding pocket,

it was disregarded.

The results from the glide ligand docking of the crystal structure did not acquire poses with
receptor-ligand interactions which were suggested by Tzoupis et. al. (46) and Flanagan et. al.
(44) in their respective literature. The reason could be that a peptide agonist was too large to be
docked into a receptor which had been crystallized with a small molecule antagonist in its

binding pocket.
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3.3 Induced fit docking

IFD was done on the basis of making the receptor more flexible to accept the ligand, considering
GnRH being a decapeptide, a much larger ligand than Elagolix. For the IFD, the 50
stereoisomers from the ligand preparation of the glide ligand docking were implemented as a
file. Standard protocol was chosen for the IFD, meaning a maximum of 20 poses per ligand
were retained. For the box center, centroid of workspace ligand was picked, which was
Elagolix. For the box size, dock ligands with length < 36 A was chosen. No constraints were
defined, and standard settings across the following tabs: ligands, glide docking, prime
refinement, glide redocking were implemented. For the jobs tab, the number of Glide and Prime

CPU was set to 12, which was the maximum number of cores.

The IFD of the X-ray crystal structure did provide poses with one or more receptor-ligand
interactions which were suggested by Tzoupis et. al. (46) and Flanagan et. al. (44) in their
respective literature. However, with parts of the decapeptide still sticking out of the ligand-
binding pocket and some interactions still not present, a homology model was generated to

acquire an active conformation of GnRH-R.
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3.4 Homology modeling

Homology modeling was done in order to obtain a GnRH-R structure with a more accessible
ligand binding pocket than the crystal structure, so that the ligand could make the known
interactions with the receptor residues. It was also done to acquire GnRH-R in an active state,
considering the crystal structure was bound to Elagolix, an antagonist. The homology modeling
was done in three steps: template selection, alignment, and then modelling. Another 3D
structure of GnRH-R was needed to further explore the binding site of an active receptor. This
was because the crystal structure 7BR3 was an inactive structure which was bound to a non-
peptide antagonist. For the template selection, the homology modeling web server SWISS-
MODEL was used to search for templates. To search for templates through SWISS-MODEL,
the target sequence was needed. The target sequence used had UniProt accession number:

P30968 (GNRHR_HUMAN).

After inserting the target sequence and running the template search, a list of templates is
generated. A few select templates were chosen based on templates being class A GPCRs with
ligands which were an agonist and a peptide. The templates considered were the human
cholecystokinin receptor (PDB: 7MBX, 7EZH, 7F8X) and human orexin receptor 2 (PDB:
7L1U). The templates then went through a pairwise alignment with the target GnRH-R amino

acid sequence in Maestro:

Table 1: The templates (PDB) evaluated and how they were acquired (method), along with resolution in
Angstram, sequence identity in %, the G-protein type they are coupled with, and their peptide-ligand.

PDB: Method: Resolution(A): | Seq-ID (%): | G-protein Ligand
TMBX Cryo-EM 1,95 19 Gs Cholecystokinin-8
7EZH Cryo-EM 3,20 18 Gi Cholecystokinin-8
TF8X X-ray 3,00 20 - NNO9056
(Cholecystokinin analogue)
7L1U Cryo-EM 3,20 17 Gagi Orexin

For modeling the 'Build Homology Model” window in the Multiple Sequence Viewer/Editor

(Maestro) was used to build a homology model after the following steps: The target sequence
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found on UniProt was imported as a FASTA-file. Then one of the templates was chosen as the
template structure. An alignment was run. Ligands and cofactors were not included. And the
model setting was set to 'knowledge-based” in maestro. ‘Knowledge-based” means the
computational modeling process screens databases of published structures to close gaps as well
as construct certain insertions where needed. To be able to compare the newly built homology
model PyMol was used. This was done by importing the prepared crystal structure (7BR3) and
the homology models of interest, then using the alignment tool in the "Multiple Sequence
Viewer/Editor’. The pairwise sequence alignment for GnRH-R and cholecystokinin receptor A
(7EZH) can be seen in Appendix under Figure Al. In the end the homology model with 7TEZH

as template was chosen for further dockings and simulations.

The reason for choosing PDB: 7EZH as the template, was because the homology model
generated, resulted in three docking poses which had two of the receptor-ligand interactions
found in literature (44, 46) after docking GnRH using glide ligand docking. Besides the
homology model using 7EZH as template, the homology model based on 7F8X produced only
one pose with two interactions from literature (44, 46). None of the mentioned poses fully
occupied the binding pocket. For the glide ligand docking of the homology models, the settings
mentioned in 3.2 Glide ligand docking were used, except for locating the binding pocket,
where "centroid of residues” was chosen and the following residues defining the ligand binding
pocket were picked: Asn212, Asp98, Lys121, Tyr290, Asp302, and Asn102. This was because
Elagolix was not present to identify the binding pocket.

Since the homology model using 7EZH as template only acquired poses with two of the
receptor-ligand interactions found in literature (44, 46) an IFD was executed to see if there was
possible to acquire more interactions from the same literature, as well as to see if the ligand
could fully occupy the binding pocket without ligand amino acids sticking out. Settings
mentioned in 3.3 Induced fit docking was used for the IFD, however for locating the binding
pocket, "centroid of residues” was chosen and the following residues defining the ligand binding
pocket were picked: Asn212, Asp98, Lys121, Tyr290, Asp302, and Asnl102. After evaluating
the poses after IFD, the pose with the docking score -13,448 kcal/mol was chosen for MD-
simulations, on the basis of it making more than two interactions which have been published in

literature (44, 46).
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A multiple sequence alignment (MSA) for GnRH-R, cholecystokinin A receptor, and Orexin
receptor 2 was executed in gpcrdb.org (43, 102), a web repository for GPCRs which can be
used for visualization as well as alignment. This was compared with the pairwise alignment
done in maestro where 7EZH and GnRH-R were involved (Appendix Figure Al). While the
pairwise alignment did not align correctly for specific parts of the protein compared to the MSA
done in gpcrdb.org, the following parts matched in terms of alignment and secondary structure:
T™M2, ECL1, TM3, ICL2, TM4, TM6, ECL3, and TM?7. Other parts such as TM1, ICL1, ECL2,
TMS, ICL3 did not align properly with whole sequences being shifted. It is to be noted that the
TM helices are more important considering TM helices having conserved parts. Even though
other structures of cholecystokinin receptors had better resolution and sequence identity, 7EZH
was chosen on the basis of resulting in more poses where the ligand made interactions found in

literature.
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3.5 Molecular dynamics method
In total, three different MD-simulations were done:

1) Crystal structure of GnRH-R where IFD was used to dock GnRH (1YY 1), the pose used
made two ligand receptor interactions found in literature (44, 46). Docking score: -
21,692 kcal/mol.

2) Homology model of GnRH-R where IFD was used to dock GnRH (1YY1), the pose
made three ligand receptor interactions found in literature(44, 46). Docking score: -
13,448 kcal/mol.

3) Homology model without ligand.

3.5.1 System building and molecular dynamics settings

To run a MD-simulation, a system needed to be built in the "System Builder’. Default settings
were used: ‘box shape: orthorhombic’, 'box size calculation method: buffer’, "distances(a):
a:10.0, b: 10.0, c: 10.0°, "angles (°): a: 90.0 B: 90.0 y: 90.0°, 'no custom charges set’, ‘ion
placement: neutralize by adding 0 Na* ions’, "force field: OPLS4". The membrane model used
was palmitoyl-oleoyl-phosphatidylcholine 300K (POPC), and transmembrane atoms were
placed automatically. The solvent model was set to simple point charge (SPC). The system was
then loaded from workspace to the MD setup. The simulation time was set to 1000 ns. The
recording interval, trajectory, which was in picoseconds were set to 500 ps with the energy: 1,2
kcal/mol. Approximate number of frames was set to 1000. Ensemble class was automatically
set to NPyT, temperature was set to 300 K, which meant the system was heated to 26,85 degrees
Celsius, pressure bar: 1,01325, surface tension (bar*A): 0,0. The model was set to relax model

system before simulation.

After the simulation was finished a Simulation Interaction Diagram (SID) was set up and
exported as a pdf file. SID is an analysis on the receptor and ligand, their movements and
interactions during the MD-simulation are assessed. a Simulation Quality Analysis (SQA) was
also done. SQA is a separate analysis which analyzes the quality of the simulation, this means
averages of potential energy, total energy, temperature, pressure, and volume is displayed. SQA
can also make plots of these values over time. The same procedure and analyses were done for

the homology model without the ligand.
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4 Results

The results consist of glide ligand docking of GnRH into the published GnRH crystal structure
(7BR3), the homology modeling of GnRH-R based on a GPCR template (cholecystokinin
receptor), IFD of GnRH into the homology model, and IFD of GnRH into the published crystal
structure PDB: 7BR3. A total of three MD-simulations were also done: a MD-simulation of the
homology model, a MD-simulation of the IFD pose of the homology model and ligand, and a
MD-simulation of the IFD pose for the crystal structure and ligand. Post-MD analysis were also
made. Specific structures were also superimposed in PyMol, which also resulted in a RMSD

value.
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4.1 Glide ligand docking of the X-ray crystal structure

The glide ligand docking of GnRH into the crystal structure resulted in a total of 379 different
docking poses. The lowest energy pose had a docking score of -16,446 kcal/mol. In general,
the lowest energy poses displayed the ligand with the N-terminus residues (pGlul, His2 and
Trp3) outside the ligand-binding pocket which can be seen in Figure 8. The ligand seems to
have entered through the available space by the helices TM1, TM6 and TM7. However, the
ligand seems to be far away from residue Asn212, which is supposed to form interactions with
pGlul(46). The protein residues Asp98 and Asp302 which are connected respectively to
receptor activation and ligand binding did make interactions, however, these interactions were
not the receptor-ligand interactions reported in literature by Tzoupis et. al. (46). Protein residue
Asp98 made an interaction with the nitrogen in the peptide bond between Gly6 and Leu7. There
was also a H-bond between protein residue Asp302 and GnRH residue pGlul. The proper
interactions would have been protein residue Asp98 and ligand residue His2, along with

Asp302 and Arg8. The ligand not fitting into the binding pocket became the basis for IFD.

Figure 8: The X-ray crystal structure of GnRH-R in blue, and the docked GnRH in green. Magenta colored
residues are labeled and have been highlighted to better visualize the binding pocket.
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4.2 Induced fit docking of the X-ray crystal structure

The IFD of the crystal structure resulted in poses which had lower energy than the poses from
the Glide ligand docking. The pose displayed in Figure 9 was a pose which made interactions
with more than one residue in the binding pocket. The pose had a docking score of -21,692
kcal/mol. The full ligand interaction diagram (LID) can be seen in Appendix under Figure A2.
The ligands N-terminus residues pGlul, His2, Trp3, Ser4 seem to be located in the TM bundle,
however C-terminus residues Arg8, Pro9, Gly10 are outside of the binding pocket. The ligand
appears to have been docked into the available space by the helices TM1, TM6, TM7, and is
close to ECL3 in terms of its placement. On the basis of the ligand still “poking” out of the
binding-pocket, a homology model was made with the goal of obtaining more ligand receptor

interactions.

Figure 9: The IFD pose with a docking score of -21,692 kcal/mol. The X-ray crystal of GnRH-R have been colored
blue while the ligand GnRH have been colored green. Magenta colored residues are labeled and have been
highlighted to better visualize the binding pocket.
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4.3 The GnRH-R homology model

7EZH was chosen as the template for the homology model of GnRH-R. The template
description read as follows: chain D, Cholecystokinin receptor type A (homo sapiens). The
GnRH-R sequence and Cholecystokinin receptor had an alignment identity of 18% after a
pairwise sequence alignment was done in the "Multiple Sequence viewer/editor” as seen in
Appendix Figure Al. Appendix Figure Al also displays a similarity of 36% and shows the
secondary structure alignment where salmon-colored bars represent TM helices and blue-
colored arrow represent strands. Superimposing the homology model with the crystal structure
in PyMol resulted in a RMSD of 5,576 A indicating a conformational backbone change since
RMSD values describe the average deviation of superimposed atoms. The reason the homology
model based on 7EZH was chosen was because it resulted in more ligand poses with
interactions found in literature compared to the other homology models when doing a glide
ligand docking. In total, three ligand docking poses had a H-bond between the receptor residue
Asp98 and ligand residue His2 including an interaction at the C-terminus, which was either a
salt bridge and H-bond between receptor residue Asp302 and ligand residue Arg8 or a H-bond
between receptor residue Asn102 and Gly10. When superimposing the homology model and
the crystal structure, there are present differences which implies an active homology structure
has been generated. The "outward movement” of TM6 and the "inward movement” of TM7 can

be observed in Figure 10.

[l Homology model
Ml Crystal structure

Figure 10: The crystal structure of the receptor and the homology model aligned and viewed from the cytoplasmic
side.
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4.3.1 Induced fit docking of the homology model

The IFD of the homology model resulted in different poses of the peptide in the receptor, where
some of these poses also made interactions with residues present in the binding site. One of the
poses, which can be seen in Figure 11, had -13,448 kcal/mol in docking score. The full LID can
be seen in Appendix under Figure A3. This pose had the best docking score compared with the
ligand-protein interactions it made and was later used for the MD-simulation. Similar to the
IFD of the X-ray crystal structure, the ligands N-terminus residues pGlul, His2, Trp3, Ser4
seem to be located in the TM bundle. C-terminus residues Arg8, Pro9, Gly10 is outside of the
binding pocket. As for the orientation, the ligand is closer to TM5 and ECL2 than it is to TM1.

Figure 11: The IFD pose with a docking score of -13,448 kcal/mol. The X-ray crystal of GnRH-R have been
colored red while the ligand GnRH have been colored green. Magenta colored residues are labeled and have
been highlighted to better visualize the binding pocket.
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4.4 The induced fit docking pose of the crystal structure and
homology model

The protein residues Asp98, Lys121, Tyr283 and Asp302 have been reported in literature to be
important for binding of GnRH (44, 46). The mentioned amino acids have been displayed in
Figure 12 together with the ligand GnRH. As seen in Figure 12, the orientation of the mentioned
receptor residues is different in the homology model than the orientation in the crystal structure.
One observable difference is the distance between the protein residue Asp302 and the ligand
residue Arg8. Another specific difference is the orientation of Trp3, as for the ligand in the
homology model, Trp3 is much closer to protein residues Asp98 and Lys121 in the homology
model. The only similarity is how the N-terminus residues pGlul, His2 and Trp3 are closer the

binding pocket residues than the C-terminal which is pointing out of the pocket for both.

GnRH in the X-ray crystal structure GnRH in the homology model

Tyres3 | | 9

Figure 12: The ligand poses after IFD for GnRH in the crystal structure (left) and the homology model (right).
GnRH has been colored green, while residues found in literature have been colored red. The rest of the receptor
has been hidden.
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4.5 Molecular dynamics results

4.5.1 System

The biological system was set up using the standard settings and resulted in the receptor being
placed in the membrane which had water molecules on both sides of the membrane. This can
be seen in Figure 13 where the homology model without the ligand is in a system. All the MD-
simulations used a system with a SPC water model and a POPC membrane model. The receptor
was automatically placed in the membrane based on the Orientations of Proteins in Membrane

(OPM) database.

<«4— |ntracellular environment

.

Figure 13: The system built for the MD of the homology model without the ligand. Text indications have been
added to visualize the orientation of the proteins binding pocket.
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Protein RMSD (A)

4.5.2 Protein RMSD plots

The Simulation Interactions Diagram (SID) is a post-MD analysis report which visualizes and
plots protein and ligand properties and relations throughout the MD-simulation. The Protein
RMSD plot which is a part of SID is used to determine stability and to assess if the MD-
simulation is stable. The three protein RMSD plots for the three MD-simulations can be seen
in Figure 14. For the X-ray crystal structure, which was in complex with the ligand GnRH, the
protein backbone (Ca) stabilized around 3A at 1000 ns. The protein backbone (Co) stabilized
around 4,8-5,6 A at 1000 ns for the homology model with ligand. For the homology model
without ligand the protein RMSD value stabilized around 5.6-6.4 A. It was assessed that these
simulations were acceptable for further analysis considering the RMSD value never fluctuated

past 3 A or had massive fluctuations.

X-ray crystal structure Homology model Homology model
(with ligand) RMSD (with ligand) RMSD (without ligand) RMSD
-
Time (nsec) Time (nsec) Time (nsec) ‘
il -=Ca) =Cq)

Figure 14: The three protein RMSD plot displayed. RMSD value in Angstram is read along the y-axis while time in
nanoseconds is read along the x-axis.
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4.5.3 The X-ray crystal structure of GnRH and ligand

A MD-simulation was done for the IFD pose with the docking score -21,692 kcal/mol. A
structure was done in PyMol. The structure for the last frame of the MD-simulation was aligned
with the IFD pose before MD. It was apparent that no great conformational change had
happened to the receptor (RMSD= 1,910 A), this is displayed in Figure 15. Figure 15 shows
the backbone for both structures having retained almost the same conformation as before the
MD. The ligand which is also displayed in the Figure 15 have had its side chains change
conformation, but the backbone of the ligand appears to be the same except for C-terminus
residues Arg8, Pro9, Gly10 which show greater movements. The LID for frame 1 (0 ns) and
frame 1001 (1000 ns) can be seen in Appendix under Figure A4 and A5 respectively.

[l Ligand pre-MD
B Ligand MD last frame

B Crystal structure pre-MD

[ Crystal structure MD
last frame

Figure 15: The alignment of the crystal structure after IFD and the crystal structure at the end of the MD. The
ligand GnRH is colored differently than the receptor and have been labeled.
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Figure 16 shows the helices of the aligned structures from the cytoplasmic side. There is no
distinctive movement of any of the TM-helices in the figure, meaning that while the ligand has
obtained another conformation after the MD, the X-ray crystal structure remains inactive just

like its structure pre-MD.

T™M5 TM6| y

TM7

. Crystal structure pre-MD

[ crystal structure MD
N last frame

TM1

Figure 16: The alignment of the crystal structure’s IFD pose, and the last frame of the MD-simulation done on the
same IFD pose (1000 ns). Helices have been labeled.
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4.5.4 The homology model and ligand

The IFD pose of the homology receptor-ligand complex with the score: -13,448 kcal/mol was
chosen for the MD, then the structure was aligned with the homology model and ligand
structure at last frame (1000 ns). The alignment (RMSD= 4,213 A) of the 3D-structures, both
receptor and ligand are shown in Figure 17. The ligand which has been colored blue for the
ligand in the IFD pose and yellow for the ligand at the end of MD, have changed drastically
compared to the ligand in the crystal structure. C-terminus residues Arg8, Pro9 and Gly10 have
changed their orientation and is pointing in a different direction than initially, this goes to show
how the ligand in the homology model is more exposed to the environment outside the ligand
binding pocket with the Arg8 residue now pointing towards TMS5 while it was initially pointing
towards TM1. The LID for frame 0 and frame 1001 can be seen in Appendix under Figure A6
and A7 respectively.

M Ligand pre-MD
[JLigand MD last frame

[Homology model pre-MD

[[IHomology model MD
last frame

Figure 17: The alignment of the homology model after IFD and the homology model at the end of the MD. The
ligand GnRH is colored differently than the receptor and have been labeled along with the receptor.
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Figure 18 displays the same alignment from the cytoplasmic side, better visualizing the
movement of certain helices after the MD. For instance, TM5 has moved outward from the TM-
bundle compared to before MD. TM3 has moved slightly inward to the TM-bundle. TM4
remains unchanged. TM7 have moved a little outward on the cytoplasmic side, TM6 has rotated

to TMS, there is no noticeable change with TM1.

BHomology model pre-MD

CIHomology model MD
last frame

Figure 18: The alignment of the homology model structure’s IFD pose, and the last frame of the MD-simulation
done on the same IFD pose (1000 ns). Helices have been labeled.
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The last frame of the homology model was also aligned with the crystal structure PDB:7BR3
(RMSD= 6,233 A), and the viewpoint from the cytoplasmic side is visible in Figure 19.
Observable changes are TM5 outward movement from the TM-bundle, TM6 outward
movement from the TM-bundle, TM7 slight inward movement to the TM bundle, TM2 outward
movement from the TM-bundle. TM1, TM3 and TM4 have rotated in some capacity, however

there is no noticeable movements.

TM7
TM5
Bl Crystal structure
[ Homology model MD
last frame
TM3
TMA
TM2

TM4

Figure 19: The alignment of the X-ray crystal structure, and the last frame of the MD-simulation on the homology
model IFD pose (1000 ns). Helices have been labeled.
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4.5.5 The homology model without the ligand

the homology model without ligand, also termed apo-structure, underwent an MD-simulation
as well and was superimposed with the last frame of the very same MD-simulation (RMSD= 4,
926 A). Figure 20 shows that major conformational changes are observable for the helices near
the intracellular part after MD. Loops have moved as well, but that is to be expected because

of their flexible nature.

[C]Homology model pre-MD

B Homology model MD
last frame

Figure 20: The homology model after IFD and the homology model at the end of the MD, superimposed.
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Figure 21 displays the TM-helices in Figure 18 from the cytoplasmic side. The TM movements
are visible in the figure with TM5 moving slightly outwards from the TM-bundle, TM 6 moving
outwards from the TM-bundle, TM7 moving inward to the TM-bundle, TM3 and TM 1 moving
outward. As for TM2 and TM4, it seems like no big movement has happened.

& ~n

£
- < ~ ] Homology model pre-MD

= F ¥ [ Homology model MD

/ i\ [’ y last frame

Figure 21: the apo structure, and the last frame of the MD-simulation on the same apo structure, superimposed.
Helices have been labeled.
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Figure 22 displays the crystal structure (PDB: 7BR3) superimposed with the last frame of the
MD for the homology model (RMSD= 5,073 A) viewed from the cytoplasmic side. This was

done to observe if the homology model had returned to an inactive state on the cytoplasmic

side. As seen in Figure 22, TM6 and TM7 have moved, however when compared to Figure 21,

these movements are small, with TM6 moving slightly inward and TM7 rotating slightly

outwards from the TM-bundle. TM5 seems to not have had any observable changes, as for TM3

it has moved slightly outward from the TM-bundle compared to the crystal structure. TM1 have

moved outward from the TM-bundle compared to the crystal structure. TM2 seems to move

inward at the end of the helix but is not directly overlapping with TM2 in the crystal structure.

TM4 seems to overlap for both the homology model and crystal structure.

TM5

Bl Crystal structure

[C]Homology model MD
last frame

Figure 22: The X-ray crystal structure and the last frame of the MD-simulation on the homology model (1000 ns),

superimposed. Helices have been labeled.
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4.5.6 Conformational changes to the ligand after molecular dynamics

Figure 23 shows the movements of the ligand in both the homology receptor and the crystal
structure. For the ligand in the homology receptor the residues near the C-terminus, namely
Arg8, Pro9 and Gly10 seem to change drastically under the simulation compared to the ligand
in the crystal structure. For the ligand in the crystal structure, the backbone of the initial pose
seems to be unchanged. There also seems to be changes in the residues near the N-terminus for
the ligand in the homology model, but those are minor compared to the drastic movement of

the C-terminus residues.

[ligand in IFD (crystal structure)

Iigand in IFD (homology model)

[Jligand in MD last frame
(homology model) (crystal structure)

Eliigand in MD last frame

Figure 23: GnRH shown without the receptor in the homology model (left) and crystal structure (right)
respectively. The last frame of MD has been superimposed with the output pose after IFD. pGlu1, the first residue
of the decapeptide has been labeled to better visualize the ligand.
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RMSF (A)

4.5.7 Movements of the GnRH-R during MD

Protein root mean square fluctuation (RMSF) plots were acquired through SID. RMSF is a
time-averaged value which represents the fluctuation of the square deviation of a certain set of
residues, in this case it is measured for the protein residues over the 1000 ns time course. Figure
24 displays three RMSF plots based on the three MD-simulations done. Both plots for the
homology model show spikes with RMSF values up to 6-8 A, while the X-ray crystal structure
plot show spikes with RMSF values of 4,8-5,4 A. Both RMSF plots done on the homology
model, with and without ligand, show a broad spike near residue Cys200 which is the beginning
of TMS5. The crystal structure also has a spike around 200, but it is more distinct and seem to
be for residues near Phe225 specifically. Another broad spike is around Met100 for the
homology model with and without ligand, this is not seen for the crystal structure. Residues

near Met100 are nearby ECL1 which connects TM2 and TM3.

X-ray crystal structure Homology model
(with ligand) RMSF (with ligand) RMSF

RMSF (A)

Residué Index ‘ B Residue Index

e =

Homology model
(without ligand) RMSF

RMSF (A)

Residue Index
Co
Figure 24: The three protein RMSF plots. Protein residues can be seen along the x-axis, while RMSF value in
Angstram can be seen along the y-axis.
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4.5.8 Protein ligand interactions for the X-ray crystal structure and GnRH

Information on how the ligand and the crystal structure of GnRH-R interacts throughout the
MD-simulation is present in Figure 25 and Figure 26. The protein ligand histogram in Figure
25 shows protein residues making contacts with the ligand. The interactions fraction represents
the percentage of the simulation time where the interaction is being maintained, this meaning a
value of 0,5 suggests 50% of the simulation time the specific interaction is maintained.
However, there are some values over 1,0 these values signifies that the protein residue can make
more than one type of contact to the ligand. In the protein ligand histogram specific residues
stand out. These are Asn27, Asp98, Tyr283, Asn298, Asp302 and Asn305. Out of these residues
Asp98 and Asp302 are found in literature, as well as Tyr283 (44, 46). In the crystal structure,
the majority of the interactions Asp98 makes consists of H-bonds. As for Asp302 it makes both
water bridges and H-bonds. Tyr283 seem to make mainly hydrophobic interactions, followed

by water bridges and a few H-bonds.

Figure 26 shows a detailed schematic of the ligand GnRH and the interactions which occurred
during the simulation. Interactions occurring more than 30% of the simulation time has been
chosen and displayed. In the schematic Asp98 have a H-bond with His2 99% of the simulation
time and a H-bond with Ser4 62% of the simulation time. Lys121 and Asp302 makes certain
H-bonds with the peptide bonds in the decapeptide. Tyr283 has pi-stacking with Trp3 41% of

the simulation time.
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Figure 25: Protein ligand histogram for the crystal structure. The Y-axis show interaction fraction based on the simulation time. The
X-axis show protein residues interacting with the ligand.
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Figure 26: Schematic of detailed ligand atom interactions with the crystal structure residues. Interactions that occur more than 30%
of the simulation time in the selected trajectory (0 through 1000 ns) are shown
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4.5.9 Protein ligand interactions for the homology model and GnRH

A protein-ligand contacts histogram is being displayed in Figure 27 for the ligand GnRH in the
homology model. The top residues responsible for interactions are Asp98, Ser194, GIn208,
Tyr290, Asn298, Asp302 and Asn305. When comparing Figure 27 to the histogram in Figure
25, Asp98 is making hydrophobic interactions in the homology model compared to H-bonds
and some water bridges in the crystal structure. As for Asp302, in the homology model it
appears Asp302 mainly mediates water bridges, while in the crystal structure both water bridges

and H-bonds are interactions occurring.

The ligand-protein contacts schematic sets the ligand in focus along with the interactions it has
made with the homology model residues in Figure 28. Tyr283 made a H-bond with pGlu 31%
of the simulation time. Asp98 had a water mediated bridge to Trp3. As for Asp302, in the
homology model it only made water mediated bridges with the peptide bond. In the crystal
structure it made a water mediated bridge and a H-bond with peptide bonds, however these

peptide bonds were not the same in the homology model.
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Figure 27: Protein ligand histogram for the homology model. The Y-axis show interaction fraction based on the simulation time. The
X-axis show protein residues interacting with the ligand.
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Figure 28: Schematic of detailed ligand atom interactions with the homology model residues. Interactions that occur more than 30%
of the simulation time in the selected trajectory (0 through 1000 ns) are shown
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4510 Simulation Quality Analysis

The Simulation Quality Analysis (SQA) assesses properties regarding the quality of the MD-
simulation. In Table 2 the averages of different properties have been displayed along with the
standard deviation. The block length for averaging was set to 1000 ps, which is equivalent to
Ins. There are subtle differences in both the average total energy and average potential energy
with the homology receptor alone having the lowest and the crystal structure and ligand having
the highest. For the average volume the receptor alone has the largest average volume and the
crystal structure with ligand having the smallest average volume. The quantities from the SQA
plotted over time can be found in the Appendix under Figure A8, A9 and A10. The block length
for averaging was 1000 ps (= Ins)

Table 2: Simulation quality analysis of the three MD-simulations running for 1000 ns. Values in parentheses are
standard deviation.

Energy file Average total Average Average Average Average volume
energy potential energy | temperature pressure (A3
(kcal/mol) (kcal/mol) (XK (Bar)
glﬁlfnlglg e | 73119.597 -101109,857 297,996 0,793 426870277
only) gy (55,500) (55,354) (0,055) (6,289) (198,045)
g}iﬁiﬁgy model | ~71696,950 -98770,011 298,023 1,254 413095,147
+ ligand) (54,214) (53,845) (0,053) (6,308) (206,620)
GnRH-R (crystal | -70220,892 -96041,372 298,054 0,956 394888,588
structure + ligand) | (45,605) (45,484) (0,055) (6,315) (206, 620)
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5 Discussion

5.1 Main findings

The main findings of this study can be separated into the docking results and the results from

the MD-simulations.

5.1.1 The docking of GhnRH into GnRH-R

For the initial glide ligand docking of the X-ray crystal structure (7BR3), the top scoring pose
and other top poses, displayed GnRH with the three amino acids belonging to the N-terminus
sticking out of the binding pocket. The three amino acids at the N-terminus: pGlul, His2 and
Trp3 have been assessed to be important for receptor activation (44). Furthermore, pGlul from
the peptide made an interaction with the receptor residue Asp302 in the top-scoring pose in the
results for the glide ligand docking. In literature however, Arg8 in GnRH (which is located by
the C-terminus) and Asp302 in GnRH-R form an interaction important for ligand binding
affinity (46). Thus, Glide ligand docking of the crystal structure did not result in ligand-receptor
poses with any of the published ligand-receptor interactions by Tzoupis et. al. (46).

GnRH was later docked into the crystal structure and the generated homology model using IFD.
IFD into both structures produced poses with some interactions found in literature (46) and a
mutagenesis study(44). IFD of the crystal structure resulted in a pose where the ligand formed
known interactions such as an interaction between peptide residue His2 and protein residue
Asp98 which was important for receptor activation, and peptide residue Arg8 had an interaction
with Asp302 which was important for ligand binding. Tyr283 had an interaction with a carbonyl
oxygen in the peptide bond between Trp3 and Ser4.

For the IFD of the ligand into the homology model, Trp3 in the peptide made interactions with
the protein residues Asp98 and Lys121. His2 in the peptide made interaction with Lys121 in
the receptor as well and Arg8 in the peptide made interaction with Asp302 in the receptor.
Tyr283 in GnRH-R also made interaction with the ligand, through the carbonyl oxygen in the
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peptide bond between His2 and Trp3. With this, IFD resulted in the ligand conformationally
able to adjust to the binding pocket and making specific published interactions. The ligand
residues near the N-terminus were inside the binding pocket after the IFD. An interesting find
throughout the different docking jobs was that there was never once a significant back-bone
bend or a -hairpin conformation. The back-bone bend of GnRH was expected regarding Gly6
being the sixth residue and having a hydrogen as its sidechain, therefore allowing bends (103).
This could also indicate that the binding pocket of both the crystal structure and homology

model were constricted.

5.1.2 Comparing and analyzing the MD-simulations

There were conformational changes to the ligand when comparing the last frame of the MD-
simulations to the ligand pose before the MD-simulation. Observable conformational changes
were residues near the C-terminus and specific ligand receptor interactions. At the end of the
MD, the ligand in the homology model was not able to maintain the interactions it had made in
the IFD pose. The ligand in the crystal structure however, maintained the H-bond between His2
and Asp98 throughout the simulation and at the end of it. When comparing the last frame of the
MD-simulation with the IFD ligand poses for both homology model and crystal structure, the
ligand in the homology model underwent greater back-bone movements compared to the ligand
in the crystal structure, which maintained its backbone structure except for side chain
movements. One of the reasons for this is that the ligand in the homology model did not

penetrate the ligand binding pocket as much as the ligand in the crystal structure.

For the MD-simulation, the crystal structure did not show any significant movement when
comparing the receptor after IFD and the last frame of the MD- simulation done on the receptor-
ligand complex. Conformationally, the 3D structure of the homology model with the ligand is
different from the crystal structure. For the homology receptor ligand complex after the MD,
TMI is pointing “outwards” from the binding pocket. TM5 in the complex is shown bend
midway in helix as well and pointing outwards from the TM-bundle. For the intracellular part,
the helices have moved when comparing the last frame of the homology model ligand complex
with the crystal structure. TM6 showed outward movement and TM7 showed inward

movement.

Page 52 of 86



5.1.3 SID and SQA

SID and SQA were done for the three different MD-simulations and resulted in analysis reports
which were distinctive. The protein RMSD plot for the homology receptor only showed a
stabilization around 5-7 A. This result was considerably higher than the protein-ligand RMSD
for the homology receptor ligand complex which stabilized around 4,8-5,6 A and the crystal
structure with the ligand which stabilized around 2,8-3,2 A. As for the protein RMSF plots,

they showed loop movements at the spikes of the plot.

When comparing the bar charts of the protein ligand contacts diagram there are specific protein
residues which they have in common. These residues are Asp98, Tyr283 and Asp302. Despite
showing up in the bar chart, they are quite different in terms of what type of interaction. Asp98
and Asp302 are mainly mediated through water bridges in the homology model but maintain
their H-bond in the crystal structure. For Tyr283, the homology model shows it makes H-bond,
but the crystal structure shows it makes H-bond, hydrophobic interaction, and water bridges.
For the ligand-protein contacts diagram, the most noticeable discovery was Asp98. Asp98
ended up making a contact with Trp3 through a water bridge in the homology model, but it

made a direct contact with His2 in the crystal structure.

The SQA along with the SQA plot further strengthen the differences between the three MD-
simulations. For the total energy and potential energy, the homology receptor had the lowest
values, with the homology model-ligand complex coming second, and the crystal structure with
ligand coming third. The average volume of the simulations is also in the same order, with the
homology model without ligand being the largest in size and the crystal structure with ligand

being the smallest.
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5.2 Limitations regarding method and approach

Both glide ligand docking and IFD were done multiple times on the crystal structure. However,
the use of glide ligand docking did not result in poses which were connected to the activation
of the receptor when analyzing the receptor-ligand interactions. As a time-consuming aspect, it
would have been more efficient to directly begin with IFD despite having an active or inactive
structure. This is also supported with GPCRs commonly being flexible structures and their

conformational change upon ligand binding (34).

When setting up the homology model a pairwise sequence alignment for the template was done.
However, in retrospect, a proper MSA should have been done. A thorough MSA would have
given a better overview of the sequences together, as well as map the conserved parts of the
protein. Another advantage MSA offer is decreasing the probability of random mistakes (104).
There should have been a more comprehensive MSA with more templates which should have
been analyzed thoroughly. Because of time restrictions, this was never carried out. The
homology model was chosen on the basis of the poses which made interactions found in
literature after glide ligand docking since this was the focus of the docking jobs connected to
the crystal structure. It could have been that other poses revealed new important interactions
about the ligand binding mode, however this could not have been assessed considering the

limited time for carrying out the docking jobs.

MD has a great limitation which is connected to the usage of molecular mechanics which
disregards electron density and movement of electrons (87). This meaning the MD is a rough
outline of movements but cannot fully replicate the in vivo ligand receptor binding. This is
because MD is applying molecular mechanics, including force fields meaning the movements
and inclusion of electrons in the system has been disregarded. The simulation time being 1000
ns for the different MD-simulations was a determining factor in getting the results, however a
longer simulation could have produced different results. A study on the kinetics of GPCRs,
estimated that the fastest activation time for specific class A GPCRs after binding a small
agonist ranged between 40-100 milliseconds (105). Thus, the simulations would only represent

a fraction if any greater conformational changes were to happen at a later timepoint.
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5.3 Implications of findings

GnRH was not in a B-turn conformation before the glide ligand docking and the IFD, even
though it has been proven important for making interactions with GnRH-R (106). One of the
reasons could be that the ligand preparation resulted in specific conformations which did not
form the B-turn. Yan et. al., the authors behind the X-ray crystal structure, also reported a 15
amino acids long N-terminus in the GnRH-R crystal structure which was forming a V-shape
into the orthosteric binding pocket (5). This specific N-terminal could have prevented the ligand
from fully docking into the crystal structure. However, for the homology model which did not
have this peculiar N-terminal and a, the ligand never made the pB-turn conformation and did not
enter deep into the orthosteric binding pocket. The peptide ended up being outstretched, with
the residues near the C-terminal showing more flexibility during MD as the residues near the

N-terminus were penetrating the very core of the binding pocket.

In literature, the following interactions have been proposed: ligand residue pGlul with protein
residue Asn212, His2 with Asp98 and/or Lys121, Tyr5 with Tyr290, Arg8 with Asp302, Gly10
with Asnl102 (46). Other literature also put emphasis on the receptor binding pocket residues
Tyr283 and Phe309 and how the three residues near the C-terminus of GnRH (pGlul, His2,
Trp3) are important for receptor activation and Arg8 being an important residue for high
binding affinity (44). The salt-bridge between Arg8 in GnRH and Asp302 in GnRH-R is
especially important for the B-turn conformation regarding high affinity, but the results show
other conformations are also able to make that specific interaction. IFD of the ligand into both
the homology model and the crystal structure displayed a salt bridge between Arg8 to Asp302,
however the salt-bridge interaction between the residues was not maintained throughout MD.
A reason for this could be that Arg8 was never inside the binding pocket, meaning increased
flexibility of the peptide coupled along with water which affected the interaction. For the
receptor activating interactions, Lys121 seemed to have a more prominent role for the ligand in
the homology model by making interactions with both His2 and Trp3. However, when
comparing this to a site-directed mutagenesis study (107) the interactions made in the IFD pose
was a pi-cation interaction while the study resulted in H-bonds. In the crystal structure His2 and
Asp98 were bound through a H-bond, but this never amounted to any specific conformational

receptor changes, this may have been due to the inactive structure being docked.
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As GnRH-R is a GPCR, MD-simulations done on other GPCRs can be compared to the MD-
simulations done on GnRH-R. for GPCR structures in general, the transition to another
conformation because of ligand binding is a crucial part of its ability to be able to activate the
coupled G-protein along with downward cascades of signaling. Latorraca et. al. (2017) have
made an overview of conformational movements of TM-helices in GPCRs and have concluded
that the outward movement of TM6 and inward movement of TM7 are movements connected
to active GPCR structures (34). While this was observed when comparing the last frame of MD
with the homology model ligand complex with the crystal structure, it is not something which
can be concluded, however, it is an interesting find and further comparisons need to be made
to be able to confirm that these helical movements are important for an active GnRH-R coupling

with a G-protein.

5.4 Thoughts on applied relevance and future

The results from the docking jobs and MD cannot be used as a conclusive answer to the exact
binding mode of GnRH to GnRH-R and the conformational change of the GnRH-R. However,
this work can serve as a supplementary for further studies and research regarding both GnRH
and GnRH-R. Research on computational studies on the specific receptor is still limited, but
hopefully the results acquired in this thesis can contribute to more knowledge on the GnRH-R
and GnRH along with how to approach it using both docking and MD.
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7 Appendix

Figure A1
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Figure A2
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Figure A3
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Figure A4
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Figure A5
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Figure A6
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Figure A7

Charged (negative) ~ Polar - Distance —e Pi-cation
Charged (positive) & Unspecified residue ~# H-bond ~= Salt bridge
Glycine Water ~# Halogen bond Solvent exposure
' Hydrophobic Hydration site —— Metal coordination
o Metal X Hydration site (displaced) e+ Pi-Pi stacking

Page 69 of 86



Figure A8
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Figure A10

Total energy plot
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