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ABSTRACT

Cannabinoid receptor 1 (GB one of the most populatedggotein coupledeceptors (GPCR)
present within the brain, is involved in various physiological and homeostatic processes. These
pathways include metabolism and hunger, locomotion, memory processing, and the onset of
psychoactive effects. In recent decades, it has beeovered that (both endogenous and
exogenous) ligands and protédiB; interactions can elicit specific cellular pathways via biased
intracellular signalling. Biased signalling is commenced by inducing various receptor
conformations through protein/ligaitdsed interactions. These receptor conformations promote
CB:1 coupling with different Gproteins. Coupling to various -@roteins mediates potential
therapeutic or adverse side effects. However, the full details on hewddBols these pathways

and producests psychotropic effects (upon cannabis consumption) are not fully understood.
Numerous attempts have been conducted to comprehend thee€@ptor and its signalling
mechanism. Unfortunately, due to the complexity and novelty of the field, many knowjagsge
remain.

Another prominent issue in the cannabinoid field is the lack of diverse and complete
crystallographic structures. To date, the isolation of a complete human crystallographic CB
structur® free from alterations (i.e., truncations, mutatioms ensertion of stabilizing domains)
odhas not been solved. Moreover, thereds: a | im
interacting proteins, thus further restricting the accuracy of computational studies. For these
studies, the ligandecepto and proteifprotein binding interactions and their adopted
conformations under the influence of the complete receptor are unknown. These aspects further
shroud the cannabinoid field in mystery and limit its clinical utility.

However, advancements in stgllographic and computational techniques it has facilitated a novel
avenue in the generation of more accurate tdmeensional (3D) computational models and
results. This MSc thesis project addressed two major aifhsleveloping a comprehensive
atomigic model of the human GBreceptor and investigating its effects on ligand binding, in
addition toii) modelling the interactions of the human @B8ceptor with one of its protein binding
partners using computational tools.

To investigate the impacts ofjand CB1 binding interactions, the first complete atomistic model

of the human CBreceptor was built. Three chemically similar ligands were docked to the receptor
and subjected to classical molecular dynamic (MD) simulations and bifrémgenergy



calcuations. The role of the fferminus in orthosteric ligand binding was observed and determined
for each ligand. These examinations postulated the potential importance of incorporating the
complete receptor in computaided drug design (CADD) studies.

Moreover, the recently published first mammalian cannabinoid interacting protein 1la (CRIP1la)
crystallographic structure provided a productive template (~96% identity with that of the human
CRIP1a protein) for this study. Construction of the complete activatethn CB receptor and
CRI'Pl1a model s6 interactions were investigated
subjected to classical MD simulations and binefireg energy calculations that allowed for
subsequent ranking of the best complex. Residavolved in the molecular recognition process
between human CBand CRIP1a were all confined within the experimentally determined binding
region, thus validating the model.

Overall, this thesis supports previous experimental and computational firmhngRIP1aCB:
binding interactions and the role of thet&minus in proteidigand binding. These results
demonstrate the significance of modelling the complete humarréeBptor to comprehend the
proteinprotein and proteitigand interactions within #hreceptor. Outcomes we can extract from
this thesis ar@ the entire Nterminal segment is necessary for CADD, docking, and affinity
binding predictions studies. Furthermore, we concludediijhiiie residues involved in the
molecularrecognition process between that of CRIP1la anda&all within the confines of the
experimentally determined regions (residuesl2d for CRIP1a, and residues within the distal
nine amino acids in Cfg. Outcomes from this thesis can aid when drivingifeitmutationain

vitro studies or designing small molecules to target the CROBiainterface. These small

molecules can be significant in the generation ofaoticeptive therapeutical drugs.
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CHAPTER 1

Introduction to the CB1 Receptor and its Physiological and Pathophysiological

Roles



1.1 The Endocannabinoid System

The psychedelic effects mediated ®gnnabis sativare largely due tod-tetrahydrocannabinol

( %THC), the major psychoactive constituent within the plant, which mediates its effects within
the endocannabinoid systefit Numerous attempts for the isolation of the active constituents in
cannabis were carried out for over a cenfuryt wa s n 6 t, that go<THQ wasl fidalyd
extracted, due to the advarieenodern separation techniqLiéd/ith the discovery and elucidation

of the first chemical constituents of cannahi®,THC, it became widely available for research in

the mid1960s, when it was believed that the medicinal activity of the plant could be separated
from its psychotropic effcts*® For these reasons, most efforts were dedicated to understanding
the mechanism of action gf-THC, and its potential toxicological and addictive effétiStudies

on o@-THC 13 ysed its structure as a prototype in the discovery of various synthetic analogues
and novel compounds such as-8%943“, which then led to the detection of the main constituents

of the endocannabinoid system, the cannabinoid receptors (G&iRepabinoid receptor {CBy)
andcannabinoid receptor £8,), within the braif® and spleelf, respectivelyThe identification

of the CBRs andheir chemically derived chemitanodulators suggested that endogenous
molecules stimulate (agonists) or inhibit (antagonists) the receptors present in the body, thus
leading to the isolation of the naturally occurring cannabinaidandamide (AEA) an@-
arachidonoylglycerol (AG), late termed the endocannabinoifd.*® The endocannabinoid
system,is composed of the protein coupledCBRs, the endocannabinoids anandamide (AEA)
and 2-arachidonoylglycerol (AG), as well as the enzymes that synthesize and degrade
endocannabinoids. The enzymes that are part of the endocannabinoid system Nrabyde
phosphatidylethanolaminkydrolysing phospholipase D (NAPHELD), sn1-specific
diacylglycerol lipasedd ( DGL U) , DGL b, fatty acid ami de
monoacylglycerol lipase (MAGL; also known as MGL). Therefore, the efforts to understand the
pharmacabgical actions ofp-THC led to a wealth of insightato the physiological roles dhe
endocannabinoid systeniMainly, the endocannabiib system was found to be involved in the
homeostatic balance of the nervous and immune systems, as well as many other organ systems
within the body? Endocannabinoids were found to be responsible for regulatiey t
neurotransmitter release through an interplay between the different components within the

endocannabinoid system, thus allowing for the system to be concasveddrug target for



regulating pathogenic diseases and conditfBAgiroughout various vitro andin vivo models,

the endocannabinoid system was confirmed to play a role in various homeostatic roles such as
memory processirtg?? hungef®, locomotor coordinatic?t?> and the maintain a role in the
inception of various psychologic&f’ and physiologic&f3° disorders. Alterations in
endocannabinoid sigralg, are caused due to changes in the expression and function of the CBRs,
as well as the concentration of endocannabimwmidymes. These changes are associated with
various pathological conditionsThus, therapies that exploit or correct such alterations, may be
developed from the modulators of the CBREhe road to the clinical development of safer
synthetic cannabinoids has yet to betfuliin its discoveries, due to the lack of understandihg o

the receptor and atomistic interactions with its ligahds.
1.2 Cannabinoid Receptor Typel

The unearthing of the GBand CB receptos in 1993° and 199%, respectively, led to the
uncovering of their effects within various parts of the body. SBocated within the peripheral

cells, particularly immune cells, and involves in immunomodulation. Conversely, iB
predominantly located within the centreervous system (CNS) and thus is associated with the
psychedelic effects af?-THC. Uniquely, a low concentration ofCB; is also expressed within
various peripheral organs, where it partakes in a wealth of roles including in-igésstonal
mobility3, prenatal developmeiit®*, and metabolisfi. Likewise,the type2 receptor (i.e., CB

was also found to be expressed in the CNS in small numbers, where it involves the regulation of
neuroinflammation and increasthe instances of brain injufy However, due téhepredominant

roles of CBin CNS and its association witff-THC-mediated psychoactive effects, more studies

have focused on understanding the structure and regulatiomof CB

CBy, a 472 amino acid long transmembrane (Tsteptor, encoded by the CNR1 gene, with a
48% sequence identity with that of its counterpart;,@8the most abundant GPCR within the
brain2¢ CB; maintains its highest density within the basal ganglia, substantia nigra, globus pallidus,
cerebellum, and hippocampus of rodent brainsdisplays moderate expression in the cerebral
cortex, septum, amygdala, hypothalamus, and parts of the brainstem and dorsal horn of the spinal
cord, where it can regulate the sation of hunger. Whereas regions such as the thalamus and
ventral horn of the spinal cord have low expression of. TBe CB receptor is also expressed to

a lower extent in astrocytes, oligodendrocytes, and microglia, where it has been shown to mediate



synaptic transmissionThese regions of high abundancy are presented within the sensory and
motor regions which are consistent with the principal role of f&Beptors in motivation and
cognition?3” Also present within the peripheral nervous system (PNS),i€Biostly located in

the sympathetic nerve terminal, while also being observetatrigeminal ganglion, dorsal root
ganglion and dermic nerve endings, where it regulates nociception froranafferve fibes3’

CB: is ako located in the GI tract where it modulates the mobility of the intesamelthe
secretion of gastric acids, fluids, neurotransnsitend hormones. In ofunction with the
hypothalamus, CBparticipates in the regulation of energy balance and migtaboGiven the
diverse physiological roles associated with;Cjgrocesses, it remains an attractive drug target
and, consequently, there is a growing interastherapeutic benefits of cannabinoids that

modulate CB signalling3®

1.3 Localization and Cellular Signaling Effects of CB

Electrical activity in the CNS is regulated by netansmitter release at synapsegre 1.1).
Endocannabinoids, naturally occurring cannabinoid ligands, are responsible for regulating
neurotransmitter release through an interplay between the different components within the

endocannabinoid systefh.



Exogenous
cannabinoids
.
. -
.
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¢ cannabinoids

o 2% NT release’ «#. }—J

pERK1/2
[} arrestin-1 recruitment

Post-synaptic cell

Figure 1.1: CBi6s Signalling mechani sms when activat
cannabinoids Events within the preynaptic and postynaptic cell are visualized. Within the
pre-ssynaptic cell, enzymes synthesize the endogenous cannabinoid ligandshehitfavel in a
retrograde manner to activate the ;Ciceptors on the pasynaptic cell.(Created with
BioRender.com

AEA, one of the endocannabinoids, was discovered to be aaffigity, partialtagonist of CB

while displaying predominate inactivity at @& In contrast, 2AG, the second endocannabinoid,

has been reported to act as a full agonist at both recefftBesspite their differences in receptor
selectivity, these endocannabinoids are produced on demand in response to increased intracellular
Ca&* concentration, thus affecting the neurotransmission process. For instance, depolarization
induced suppression of inhibition (DSI) and excitation (DSE) in the GABAergic and
glutamatergic neurons, respectively, was the first conclusive evidence to support endocannabinoid
signaling.®® This phenomenon, occurs from the release of retrograde endocannabinoid&éfrom t
postsynaptic cell) binding and activation to the CBRs, to then reversibly inhibit afferent
synapse$’ Later it was discovered that the endocannabinoid system was not only involved in

shortterm depression but lortlgrm depression (LTD) at excitatory and inhiiojt synapse?’ In
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response to increased Caoncentrations,-AG, synthesized at the pesgnaptic cleftserves as

a retrograde synaptic messenger whebénids to CB at the presynaptic terminal and suppresses

the release of neurotransmitters and their systemwg ways: 1) inhibition of voltaggated C&
channels thus reducing €anflux, and 2) inhibition of adenylyl cyclase and the subsequent
CAMP/PKA pathway that is involved in LTBCB; is also one of the most important receptors
involved inthe neurs e g u | a-amirmutyra Aicid§GABA) and glutamate, due to its location

on the GABAergic ad glutamatergic central and psgnaptic neuron®:*! The localization of

these receptors aids in one of their major functions of the endocannabinoid system and the
receptors, to inhibit neurotransmitter gate.The termination of the sighalg requires the

degradation of the cannabinoid ligarfds.

From the initial discovery and precipitation of the CBRs, considerable research has been carried
out to elucidate and understand their molecular digiggbathways using a variety of endogenous
and exogenous ligand&Upon activation, CBsignals through the pertussis toxin (PT3énsitive

GlbtypeGproteii 0 i nhi bit the production of 36, 50

a (

cyclase® This activationpromotesthe Gb o9 s u b u ningtf r cims stohcei aGU s ubuni

subsequently promotes the opening of inwardly rectifying potassium channels and the inhibition
of N-type and P/Q type calcium channels. Besides that, of the canopncat€ptor, CBhasalso

been found to associate with Rcanonical receptors such as thea@d Gy11subunit, which can
increase in association with exposure to certain synthetic cannabinoid ligands such as AB
CHMINACA, as well as in a cellype dependent manner, throughctional selectivity or biased
agonisn®®4? Biased agonism describes thdliab of ligands to elicit differential activation of
signdling pathways through stabilization of distinct receptor conformations and promoting various
G-protein couplings which drive different downstream signgl cascadest-or instance, AB
CHMINACA was able to increase cAMP concentrations esgendently in HEK ds,
attributing ABCHMI NACAGs abi | i-mediatad activatergotithegatrevayCridre
efficiently than in comparison to CP 55,940 and WIN55;22&hich inhibited elevated cAMP
concentrations under the same condititf Moreover, another instance of cannabinoid-non
canonical bias in @rotein coupling was observed with WIN 55,222and HU210, which
displayed equipotent coupling of the Ciceptor to the Giand G subunit, while CP55,940
favourably plomoted CB coupling to Giprotein®* Due to the plethora of diverse clas®f

synthetic compounds, it is unclear how their structural diversity may induce a range of

6



pharmacological effects. Therefore, understanding the binding mode and interactions of the

cannabinoid ligands against CBiay provide insights into these effects.
1.4 Introduction of CRIP1a and itsin vitro Implications on CBz

In recent yearst was discovered that GBnediates a wide variety of protemmotein interactions
through its Gterminal tailwhich is important for CB-intracellularization, cellular signlahg, as
well as its overall functional stat€igure 1.2). One example of such protgimotein interactios

is the cannabinoid receptor interacting protein 1a (CRIFJR)Pla arrives from the alternative
splicing of the CRIP1 gene located on the human chromosoihgenerating two isoforms:
CRIP1a and CRIP1b.

neurotransmitters

CB; receptor
‘ 3

tcAMP CX
- f Ca?* ®
T[3-anest1ns‘ sincreased
neurotransmitter release

*synaptic transmission

sinternalization of
receptor during

formation of CB;-
[-arrestin complex

Figure 1.2: Cellular transduction alterations induced by CRIP1aCB: interactions. CRIP1a
upregul ates the association wi tdssotidionwiBthe s ubu
G U @ $ubunit. Increased CRIP1a expression, also increagémfax into the cell, which in turn

increases the cellular neurotransmitter release. CRIP1a also promotes increased cAMP cellular



concentrations. In contrast, heighégd a s s o c i aatrestios promois CB intérnalization.
(Created wittBioRender.com

CRIP1a ishighly expressed in the central nervous system and-iscatized with CB in pre
synaptic compartments of excitatory glutamatergic and inhibitory GABAergic netfBravious
experiments report that thast nine Gterminal amino acids of GBare responsible for binding
with CRIP1a, and this molecular recognition alters theUG pr ot ei n candpgtd i ng o
intracellular signalling effect®. CRIP1a promotes the selectivity of tleelJsubtype activation

wi t h ik dulunit@bile discouraging GRoupling to that of taGis and G subunit®. Giz and

Go activation ae associated with the common CRjonistinduced intracellular signihg such as
cAMP inhibition, C&" channel inhibition, MAPK activation, and reduced glutamate or
neurotransmitter releaseto the presynaptic cleff#%4’In contrast,overexpression of CRIP1a
suppresses GBmediated tonidnhibition of N-type voltagegated C& channels in superior
cervical ganglion neurons, increasing glutamate release dmwleamg CBsi-stimulated
[3°S]GTPS binding to Gii.2>*Thus,the CRIP1a association promotes the commonly associated
inactivating cellular effects induced by &Bvhich alters agonishduced receptor internalization
through competitive interactions wiflrarrestin proteiné® With the constant oveactivation of
the receptor, t h earrer eisdriestirs T aadb2) toithe phesphorylated C b
terminus by GPCR kinasé%®| nt e r a c tairestims hemotlutatorfy effects on downstream
signaling and regulation (desensitization and interzaion) of the GPCRsCompetition withb-
arrestinprovides a functional interference with the clathand dynamin protein mechanisms that
aid in the internalization proce€sPhosphorylation of CBC-terminal peptideshrough affinity
pull-down studies identified that phosphorylated threodié@ at the CB distal Gterminus
reduced CB-CRIP1la association butcreased the competition for the C&ssociation withb-
arresting’® Moreover, mutation opotential phosphorylation sites in the distal:@Bterminus, as
well as five distal residues with thet€minus (D466, T467, S468 and A471, L472) that are
associated with internalization, reducedeptor endocytosf.Thus, competitive binding to the
critical sites for internalization in GB serves to functionally attenuate agomstdiatedb-
arrestinsrecruitment, postulatinghe functional influence of CRIP1la on agondiven CB
internalization cellular signalling efficacygurface densityand tolerancé® CRIP1a has many
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pharmacological benef*"°such as mitigating some of the pathological side effects induced

by synthetic agonists, for example, increased tolerancenahistrom inducing toxicological or
psychoactive effects in the body, as well as being a more natural drug target, and thus may avoid
the off-target side and psychoactive side efféefS:*’4° Due to the inactivated state that this
proteinprotein nteraction entails, it aids in treating certain pathological states such as
inflammatory diseases and conditions, like rimonabant or other cannabinoid inactivators. For
instance, CRIPX&B; interactions can aid those experiencing obesity, by decreasing the
stimulation of hunger through the endocannabi
leptin concentration§® Overactivation of the endocannabinoid system may contribute to the
development of diabetes through increased feeding, which leads to a higher energy intake and
storage’® These events impair glucose and lipid metabolism, by exertinggmptotic effects in

p a n ¢ r @dld andcinflémration in pancreatic islef8. Thereforetheassociation of these two
proteins may prove beneficiad treating diabetes. CRIP1a provides a rdfset drug target that

can indirectly control the sigialg transduction capabilities of the human :GBceptor, thus
generating a new approach that pharmaceutical companies can take when mitigating orgenhancin
the effects of the CBreceptor.

1.5Pathological Roles of CB

Due to the many expressed locations ofiCB can participate in a wide range of roles and
functions within the body., which allows CB possess a direct involvement and therapeutic role
in many pathological processes. In particular; G&s been discovered to play a rolg&n and
nausea'>® seizures, cancEr®%inflammatory diseas€¥%® gasto-intestinaf®4% and
cardiovascular disordefs?®636970 a5 well as infeitity 32337173 Thus, targeting CBprovides

therapeutic potential in a plethora of various conditions.

CB: regulates energy homeostasis through the central and peripheral mechanisms, where
inactivation of the receptor in the periphery ameliordtesdevelopment of visceral obesity and
diabeticinduced metabolic complicatiort$. Within the hypothalamus GCBregulates the
concentration of leptin through a negative feedback loop with the endocannabinoid’leligls.

levels of endocannabinoids reduce the level of leptin, thus decreasing the nunmagexiganic
hormones throughouhe body?® In contrast, the inactivation of the €Beceptor, allows for

elevated leptin levels, thusthecing the sensation of hunger and feedi@enerally, the presence



of CB: in the periphery is low but a&s reported to be elevated under pathological conditions such
as obesity and diabetes, under which conditions increaseda@Bobserved in adipose tisstes.
Blockade of the CBreceptor, attenuates lipid metabolism downregulation in visceral adipose
tissué® while enhancing insulin receptor sighah g t hus -cell pmoléemtoii’'ng b
Inactivation of the CBreceptor is also associated with improved obesilgted kidney injury?®
Obesitypromoted renal inflammation and oxidative stress can lead to kidney failure,
glomerulosclerosis and tubulointerstitial fiboro&<®°Exposure to CBinactivating molecules

such as rimonabant or AM251 were able to delay the develoghpntteinuriaandglomerular

and tubulointerstitial lesion in obese r&t§!

The blockage of the GBreceptor was also reported to be of potential therapeutic value in
cardiovascular disorders such as myocaidfakction,hemorrhagiand septic shoc® Elevated
endocannabinoid levels were observed under saicbardiovascular pathological stéfe.
Endocannabinoids were reported to stimulate the vasodilatory effects through blockage
of norepinephrine from perivascular nerves in the satimgtic nervous systefi.For instance,
Pacher and cworkerg®®® observed that the hypotensive effects mediated by AEA, an
endocannabinoid agonist, were elicited through activation of thegeBptor dung myocardial
function?®®2Thus inactivation of the CBreceptor may be able to mitigate the effectsediiced

heart contractility and hypotension in patients with cardiovasculardiss?®

The peripheral CBsystemis an important therapeutic and prognostic toohcerningvarious
metabolic and cardiovascular diseases. Reported agonistic and antagonistic peripheral therapeutic
effects athe CB receptor®®® have facilitated a complex network of therapeutic roles that the
receptor could be involved in, depending on the inactivation or activation of ghalisig
transductions of the receptor. Thus, further research is necessary to understand the contributing
roles that the endocannabinoid system plays a part in within certain pathological diseases so that

clinical utilization of cannabinoid antagonistsdagsts can be made plausible.
1.6 Progress in the Discovery and Development of GReceptor Modulators as Therapeutics

Since CB is linked with various physiological and pathological processes in humans, several
l igands (or cannabinoids) have 3enedatedifeventl o p e d
functional states of this receptor. However, the pharmaceutical applications of these cannabinoids

have been hindered due to their adverse effects. For instance, synthetic sguhipitial
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agonists of the CBreceptor Figure 1.3) were developed to explore the therapeutic benefits of
CBR activation, such as its antiociceptivé! and antiemesié§’ effects. However, more recently,
concerns surroundinthhe abuse of the compounds for recreational use as waticaeences of
toxicity have prompted their withdralor abstinent from clinical use. Examples include synthetic
agonists such as JWH compoudds subclass of synthetic cannabinoid agonists called
naphthoylindoles, which include compounds like MVEEE and JIWH13F° 8§ , WIN5S5,2122,

and CP55,940-THC (aphyto-cannabinoid), as well as endocannabinoidd@and AEA).

WIN 55,212-2 JWH-018

HQ,

gy N

CP 55,940 JWH-133

Delta-9 THC o]
OH
N/\/
AEA

y. H
OH
o]
— — — — OH
(o]

2-AG

Figure 1.3: Common cannabinoid ligands WIN 55,2122, JWH compounds (JWH18 and

JWH-133), and CP 55,940 are agonistligafpds o mpounds whi ch afmHCvate t
is a partial agonist (a compound that is only able to activate the receptor sometimes). Lastly, AEA

and 2AG are examples of the two endocannabinoids within our biological systems that activate

the receptar
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On the other hand, cannabinoid antagonists and adagmsests (i.e., ligands that decrease the
basal signading rate of the receptor) were also developed to inactivatddCBherapeutic benefits
against inflammatorpased conditions and obesity, for exantf€However, these cannabinoids
also triggered adverse effecssich as enhanced progenesis of mood disorders, as well as
gastrointestinal concerns such as the onset of increased di#rfieamost welknown example

of an antagonist of CBis Rimonabant (also known as SR1417#j)ich underwent various
clinical trials and was marketpproved for antobesity treatment in Europe in 2626082 % As

a drug,rimonabant was found to be effective at reducing food intake, Bi&list circumference

as well as improving obestinduced insulin and leptin resistance, resip glucose homeostasis
and dyslipidemias, as well as reducing hepatic fat accumulation in obese individpedsement

in cardiovascular risk factors (improved HbAlc &TG, HQ, increased glucose tolerance and
insulin levels)y**°9°697"However, in 2008, the European Medicines Agency (EMEA) suspended
the marketpproval of Rimonabant due to its severe siffiects and its role in the onset of mood
disorders’*®° Likewise, Rimonabant also failed to secure market approval by the US Food and
Drug Administration (FDA) based on the same grounds of psychological side effects, as well as
the high dropout rate during the North American Rimonabant in Obesity (Ri@pgl trial %97

Rimonabant inObesity (RIOp RIO Europe, RIO Lipids, RIO Diabetes and RIO North
Americad were carried out for a total ofAyear§’. DuetoCB6 s abundancy on the
nerve terminals, it was not only involved in controlling food intake and energy expenditure but
also rewardrelated responses, thus explaining theadetumented adverse effeetmongst mss

RIO studies such as nausea, vomiting, diarrhea, headaches, dizziness, anxiety, depressed mood as
well as depression, anxiety, asdicidal ideation/*°*°’Despite, many of the RIO trials making

their way into Phase 3, increased suicidal tendencies within patients ultimately rasuised

failure. Two patients in the clinical trials had committed sui@idee in the RIGNorth American

trial taking 5 mg of rinonabant and another in the STRADIVARIUS study for taking 2631g.

The US FDA committee has expressed concerns over the increased risk of psychiatric adverse
effects, which the RI@ials had noinitially considered when conducting their studig@$ie results

with rimonabant not only led to the withdrawal of the drug from the market but the subsequent
discontinuation of the development of CBactivators by many pharmaceutical companies,
fearing the therapeutic potential vs. harm of these e$ast compoundg?% Evidently, the
outcomes of the RIO trials have highlighted the increased need in understanding the interplay
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between the synthetic cannabinoid binding interactions and the mediated effects within the body.
Poeentially synthesizing a ligand that can bind in such a way, to mediate the therapeutic effects
within the body without the adverse effects would be most optimal. Another therapeutic potential
could be choosing different eférget drug targets thaan alter the signading of the receptor
indirectly, through allosteric modulators or protgirtein interactions, to help mitigate the potent

orthosteric enhanced efficacy effects mediated by synthetic ligands.
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CHAPTER 2

Objectives and Hypothesis
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Objectives and Hypothesis 2.1

CB;, (Figure 2.1) a class A GPCR, composed of 472 amino acids, contains seven transmembrane
segments, which are connected through subsequent extracellular (ECL) and intracellular loops
(ICL). ECL2 is the largest ECL (composed of 17 amino acids) in BBt contributes to
orthosterieligand binding and stability, while the ICL3 is the largest ICL (composed of 44 amino
acids) which has a role in-@otein coupling and potential CRIP1a interactfnCB; also
contains a large ferminus (116 residues long), and-#e@minal domain (72 residadéong) which
consists of two short helices, termed helix 8 and 9. The publication of crystallographic structures
has revealed the structural morphology of primarily the transmembrane segment of the CBRs to
scientists.

BYHIHNDADIBBHHHHBABHHHNDAHBNIRD

Gh@@ﬁ@ﬁGmﬂ@ﬁﬁﬁ@@ﬁ@ﬂﬁﬁﬂ@@ﬁ@ﬁ@@@@ﬁ@

dgaﬂ@nmQB@B@B@@D9&@33@90@&&33@30@9@&
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Figure 2.1: Snake diagram of canabinoid receptor 1 Visualization of the seven TM helices,

as well as the long C- termini and the 1CL3%%:101
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Since 2016yarious crystallographic CBR structures are being published, whigphavided an
understanding fothe conformational states adopted by the receptor and at its orthosteric and
allosteric siteshefore and during ligand binding via computational, struakuandbiochemical
methods. Understanding the dynamical adopted conformations of the receptor and how these
modes implicate and are altered under prepeotein and proteitigand interactions, are
fundamental to understanding the biological systemardgbinding is not a static process and
involves a wealth of dynamic transitions that a protein accommodates to facilitate ligand binding,
these concepts are of great importance when contribtditige fields of cannabinoid medicinal

and pharmaceuticdlased chemistry. The acquired conformation induced by each cannabinoid
ligand in addition to their intranolecular mediated interactions within the recepsounique.
Therefore, concerns arise, when the crystallographic structures available on the PR2Bedatab
provide a static image of the receptor under the influence of a single ligand. In essence, these static
images represent a single tipeint of the receptor, leaving most of its assumed conformations,

in addition to adopted conformations for other figa and protein interactions unaccounted for.
These same crystallographic structures are subjected to the introduction of various moddications
such as truncations, point mutations and insertion of stabilizing dadnaitsch are necessary to
increase thetability of the receptor in the crystallization process. These modifications alter the
conformational state of the receptor and gewresiamodified but stabilized protein or protein
complex. Consequently, the larger segments in &¥stallographic structes, such as the ICL3,

the N- and G termini are often subjected to severe modifications, where there has yet to be
isolation and crystallization of the entirety of these segments. To date, only portions of the ICL3
(PDB accession codes: 1LVR, and 1LVQle tmembrangroximal region (MPR) (residues 90

110) of the Nterminus and the helical 8 segment of theefninus (residues 404011), have been
crystallized. Thus, crystallographic structures deliver only a partial stolyloe r ecept or
dynamics and stature. For these reasons, additional steps are crucial in-théldeng of the
disordered and large regions within the system, in addition to utilizing appropriate force fields, to
generate the greatest accuracy of the protein and its conditions. Bysdonmeproducibility of the
receptor dynamics to that of vivo proteins can be obtained, therefore allowingaiomcreased

understandingfg and accurate analysis of the biological system.

In addition to the altercations within the receptor, therst®a limitation within the diversity of
available cannabinoid structures, further shrouding the CBRs and their modes of interaction in
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mystery. To date, only three crystallographic structures contain allosteric modulators (PDB
accession code: 7FEE,7WV8d6KQI) negative allosteric modulator (NAM) ORG27569, and
positive allosteric modulator (PAM) ZCZ011, while four structures exist with thg®Gtein
subunit (PDB accession codes: 6KPG,6KPF,7WV9,6N4B). Moreover, there has yet to be the
crystallization ofany cannabinergic proteprotein complexes, other than that of thed®
subunit, thus leaving most cannabinergic protgiviein interactiond and the understandiraf

their intraresidue interactions involved in the molecular recognifioycess, the binding mode
conformations and overall structural morphology and orientation of the proteins within the
complexd to remain elusive. Crystal structures, of a singularized protein, do not define nor
distinguish proteirprotein interfaces, and thefore the prediction of the proteprotein interfaces

is often not straightforwartf? Despite the existence ofomputational approaches for
distinguishing these proteprotein interfaces, these are often subjected to errors and artifact
leading to data misppeesentation'®? Therefore, experimental data, in addition to computational
approaches, when defining the protpnotein contact surface is of great importance when
outlining proteinprotein contact surfaces. Protgirotein interactions are essential for all cellular
processes, im which highresolution crystallographic structure can reveal the details of their
association and function. These details provide a basis to help drive many computational and
experimentalapproaches. The generation of biological to -baogical contacts and the
construction ban accurate wtact complex is often challenging. However, even upon successful
extractionof crystallographic protenwprotein complexes, these often provide liditeformation

on the biological recognitions between the two structures. Macromolecudgyr etystallography,

a popular method to obtain highsolution structural information on protgdnotein complexes,

does not define the entire contacts formed irutemh, therefore generating an inconclusive
story102 Crystal proteirprotein structures also introduce crystal contacts or crgatking
interfaces, that get introduced during the process of crystallization, whiot a part of the
biological contact$®® This creates a fundamental difficulty in differentiating between biological
and crystal contacts, whe more crystal contacts have been shown to have larger interface areas
than biological associatiodAddi ti onal ly, PDBO6s files (Bl OMT
on generating the biological complex, however, often this information is error protein being at
least 9%6:°* Computational methods, together with experimental data, predict and improve the

reliability of the biological complex formation beyond tieéibther method$®* This is especially
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true for proteinprotein complexes such as CRIRZB: i n a d d i-drresbna and 6BC-b
terminal tail complex formation. Due to the lagk crystallographic data on these complexes,
computational biologists need to predict the binding mode interactions through \dokiisg
programs utilizing structural and energy constraints in addition to experimental Tdega.
combination of computational and experimental mettatidsvs for the understanding of plausible
modes of interaction, the generation of more accurate meaelsdeveloment of adeeper

comprehensive understandinigtbese mediated interactions.

The full cognizancefdhow the assumed conformations by various cannabinoid ligands, allosteric
modulators and protein interactions affectiCBllular signding, theonset of adverse effects (i.e.,
psychoactive ef f-€B biasddcoupimgpanesdme of the lmdwledt gaps

the canabinergicfield, which can be further unearthed using computational methods. MD and
computational protein analyses, provide the initial building blocks to generate a more
comprehensive understandinf the conformational poses CBdopts during intranolecular
interactions, how these adopted conformations affect the activated state of the receptor, and how
the different structural components and residue present withini@8ract, and stabilize the €B

proteinprotein or proteidigand interactions, beyond thattbie static crystallographic snapshots.

For instancein silico studie4®4”1%conducted by Singh and-eworkers in 2019 and 2017, as well

as Ahmeckt al,, (2014)" had looked at the binding morphology between that of &8 CRIP1a,

to gain a deeper understandingtioe residues involved within the molecular recognition and
binding process between the two proteiBy. utilizing classical MD trajectories and binding
affinity calculations, further information and dynamics of these protein contacts were able to be
extrc t e d. However, despite these two t-gualitpysd ef f
template, potentially introducing inaccuracies in their results. Exemplifying the imporénce
generating accurate models and the limitations of computational meidedtsit the presence of
experimental structural data. Works conducted by Jakowiecki andbde@rs (2021 and Chung

et al, (2019%°” are examples of successful computational stuttiat have further explained the
molecularlevel interactions and dynamics present between reckgémd and allosteric
interactions, utilizing experimental structural information data conducted by Lapeaiag,
(2015)°8 Thein vitro study by Laprairie and colleagd&&concluded that the MPR was important

in the binding to allosteric modulator CBD, which has been proposed to bind around the orthosteric
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pocket of the receptor.Utilizing bindingfree energy calculationsloang with classical MD
simulations, Chungt al, (2019}°” andJakowieck and coeworkers (2021%¢ were able to show

the importanceof the presence of the MPR and entirgeiminus, repectively, in addition to
showing a network of important contacts that are formed between the ligand, allosteric modulator,
the Niterminal segment and residues within the recefiResults from these computational studies
demonstrate the utility othe extent of information which can be retrieved throughsilico

methods, which is unable to be captured through experimental studies alone.

With the quick advancements in the cannabinergic field, more anelstructural information and
crystallizationsare being published allowing fancreased accuracy and analyses for future
computational and experimentatudies. Thereforewe hypothesize thahe combination of
computational techniques with previous recently published experimental structural ddth sho
help to provide novel structural and dynamics insights that are sorseliffireult to be captured

by experiments alone and their usefulness in-tafepeutics design.

Ultimately, within this thesis we aimed fig build the complete atomistic modelsthe human

CBs receptor (both activated and inactivated conformations), in addition to the human CRIP1a
protein. Utilizing these computational models, we then 2) analyzed the baftimty
relationships between inversgonist under the presence oétbomplete CBreceptor and how

the presence of the-tdrminus affects the stability and binding affinity of the orthosteric ligand in
the receptor complex. Lastly, we focused on the 3) residues involved in the ClPdratein
protein binding interactios, their modes of association, and the newly adopted dynamical
interplay between both proteins during their formation in comparison to their isolated systems.
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CHAPTER 3

Ligand Binding Interactions and Dynamic Interplay with the Complete

Human Cannabinoid Receptor 1 (CB)
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3.1 Introduction

CBy contains one of the longesttirminal domains (116 amino acilis\g segment) amongst the

class A GPCRdits structure and role in ligand bindiagenot clear andreshrouded in mystery

Given its larger size and highly dynamic nature, it is often diffto characterize it using structure
determination techniques such asay crystallography or cry&M technology. For these reasons,

only a small portion, commonly known as the membyamximal region (MPR), of the N
terminus has been resolved in theown experimental structures of €8%!° The MPR,
encompassing residues ~800, has been shown to participate in an important role in ligand
stability and solvent exclusion, within inveragonist/antagonistcrystallographicstructures

(PDB accessin codes: 5TG¥° and 5U099). Particularly, the MPR has been observed to form a
0Mhapeddéd plug into the ort hobadeé coredrompsoleehte t , S
molecules and limiting ent#? 112 Additionally, the MPR has also been identified to mediate
interactions with the antagonists binding to the orthosteric site iy tBBs playing a role in
inverseagonist/antagonist binding® A mutational study conducted by Lapraige al.,'°® has
highlighted the MP&6scapatity to bmpdili ¢8nds
disulfide bond Cys-Cysio7 within the confines of the MPR. This disulfide bond was also shown

to play a role in modulating ligand binding to orttes&c and allosteric sites of the receptdr.

Bothin silico'® and experiment#i® studies have outlined the importancehaf entire Nterminus

and MPR segments, respectively, in context to allosteric ligand binding, particularly to that of
CBD, Org 27569 and PSNCBANI*3 Thus, this begs the question: if the entirgelminus also

plays a role in the binding toward inverse agonists and antagonists modulators beyond that of the
MPR.

Typically, the importance of the-drminus has beemderestimated in terms of its significance
in protein binding and dynamics, as most previous simuldtémed efforts were only focused on
the TM model ignoring the terminal segmettst4116 Jakowiecki and cavorkerd® were the
first to report the full Nterminal domainn silico using the replica exchange molecular dynamics
with solute tempeng (REST2) approach to their model. Within their wahey studied the
impacts of the Nerminal domain on negative allosteric modulator (CBD) and patjahist
binding. It was observed that thetdrminus was more stabilized under the influence of duo
ligands: a negative allosteric modulator (CBD) and a partial aga#stHC) bound toCBs. In
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contrast, the Nerminus was more dynamic in the presencemTHC alone, where it had
undergone a structural rearrangement in terms of the lengths of itsdlagcatructure loops.
Overall, the presence of thethrminus was observed to have a great impadhe stability of
ligand binding via interactions with various structural segments along the orthosteric 8bcket.
Furthermore, the current knowledge also highlighted the accommodating nature aéthars,
where it can adopt different conformations dependingthenligand(s) bound to thenThe
structural conformations of the entire-tBkminal region in the presence of orthosteric
antagonists/inversagonists, beyond that of the MPR, remain elusive. This chapter aims to
address this gap using atomistic modellmg simulation of a complete inactivated&Bucture

in acomplex with orthosteric inactivating ligands. For this purpose, one inverse agonist AM251,
and two antagonists AM6538 and MJ15 were considered. AM6538 and AM251 are analogs of
rimonabant (or SRI416A), a welknown antagonist dhehuman CB receptor (as discussed in
Chapter 1). AM6538 (K=0.038 nM}%1'7is, a derivative of AM251, and widely used as a
rimonabant analogue, is a functionally irreversible antagonist af i€Ritro andin vivo!'®
Compared to AM251, AM6538, contains an acetylenic chain system incorporating four carbons
and a substitute at the omega carbon, in replacement of thgrodp at the para position of the
5-phenyl ring in AM2511%° Unlike AM6538, which was used to stabilize thei@&eptor during

its crystallization process, ZDG is a modified version of the antagonist visualized in the PDB
structure. ZDG lacks the nitraf®NO;) group in its structural morphology, due to its higher degree
of flexibility in comparison to the other atoms in AM6538,uléag in the absence of electron
density, and thus its exclusion only in the visualization aspe@mn the other hand, AM251 ¢
0.230.8 nM)19122 the precursor of AM6538, is used aplarmacological standard as a€B
selective antagoni$f. In AM251, thep-chloro group attached to the phenyl substituent at C5 of
the pyrazole (originally present in rimonabant) is replaced wghoglo group, giving AM251 a
better binding affinity than in comparison to rimonab#AOn the other handyJ15 is a potent

and selective CB antagonist (K= 27.2 pM against rat GB'** To date, two Xray
crystallographic structures of the inactivated :CBeceptor have been reported in the PDB
database: a structure of human;@Bcomplex with AM6538 (PDB accession code: 5T&%¥and

CBs in complex with taranabant (PDB: 5U89. Initially, we constructed a complete model of
the human CBreceptor using the -Xay crystallographic structure of B a complex with
AM6538 (PDB: 5TGZ). Subsequently, the ligand molecules were docked to thee€dptorto

22



which the dynamics of the complexes were probed using extensive classical MD simulations and

binding free energy calculations. This chapter will extesights into the structural basis of the

ligand-bound inactivated CBcomplex under physiological conditions.

3.2 Methods:

3.2.1 Model Building

The first CB structure was solved in 2016, usinga§ diffraction crystallography. To date, there

are nineCBq structures in the PDB database, with the newest structure being published in 2022,

t hese

crystallographic

model 6s

r A (®DB accessiann

code: 5TGZ%, 5U091°5XR8!!L 5XRAML 6N4B1 6KQI'?5, 7v3Zi26, 7TWV9?" and 7FEE?).

Table 3.1: Crystallographic information of CBa receptors. Updated -crystallogrdpc
informationonthe CB receptors, including their activated status, crystallized ligands, resolution,

and publishers.

PDB Ligand(s) Activated(A)/Inactivated | Resolution Citation

accession ) (A)

code

5TGZ ZDG (AM6538) | | 2.80 Hua et al,
(2016)°°

5U09 (Taranabant) I 2.60 Shao et al,
(2016)1°

5XR8 8DO(AM841) A 2.95 Hua et al,
(2017)*

5XRA 8D3(AM11542) | A 2.80 Hua et al,
(2017)%

6N4B KCA(FUB) A 3.00 Kumaret al.,
(2019)*

6KQI 9GF(CP55,940): | A 3.25 Shao et al,

orthosteric ligand (2019}
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9GL(ORG27569):
allosteric
modulator

7V3Z 9GF(CP55,940) | A 3.29 Wang et al.|
(2021)26
7WV9 9GF(CP55,940): | D 3.36 Qin et al,
orthosteric ligand (2022)27

7IC(ZCZ011):
allosteric
modulator
7FEE 9GF(CP55,940): | A 2.70 Yang et al,
orthosteric ligand (2022)27

7IC(ZCZ011):
allosteric

modulator

To induce crystallization, deletion of residues Val 306 to Pro332 encompassing the highly variable
ICL3, were substituted witlthe flavodoxin stabilizing protein (residues 100P48). These
crystallographic structures are also often subjected to the truncattbeiolN- and Gterminal
domains, due to their large nature and flexibility. The availability of these crystallographi
structures helped to understand the structures eh@@ supporthe computational investigation

of ligand binding using techniques such as molecular docking and MD simulation with a high
degree of accuracy. In our study, we selected an inactivatedt@Bture cecrystallized with
AMG6538 from the PDB® database (PDB accession code: 5TGZ) as a building blocksbraot

the complete CBmodel. Initial preparation of the GBtructure concurred through the elimination

of associated ligands, the deletion of flavodoxin (the stabilizing domain in the crystal structure),
the addition of hydrogen atoms, and the&oagruction of missing loops and atom backbones. All
these initial processing steps of the structure were carried out utilizing the software package UCSF
Chimera version 1.1%° Specifically, modelling the missing loops and segments such as the ICL3,
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as well as the Nand G termini were conducted by Modeller(vid*¥)andthe online server
Threading ASSEmbly Refinement-TASSER}J, respectively. Models in-TASSER were
picked based on the quality of their template, whidiesvily reliant on the Gcore.The Gscore
in I-TASSER is defined as:

6 [ wéii 0 5P o G Q (3.1)

0 TOY0 YOB & Q

M is the multiplicity of structures in the clust®;o is the total number of TASSER structures

used in the clusteringgRMSD>is the average RMSD of the structures to the cluster centroid. The

terms WE %2 Odescribed the degree to which the structure has converged during the
process otlustering. This is also correlated to the consistency of the external restraints and the |
TASSER potential implemented within the program. The next terms in the e%%la%ieﬂ— are

explained by the Bcore value. In essencd) is thehighest Zscore (the energy to mean in the

unit of standard deviation) of the templates generated bihtheofile-profile threading alignment
threading program. This program threads target sequences through a representative PDB library to
search for pasible folds. Fragments excised from the threading aligned regions are then used to
generate full models, while the threading unaligned regions are built thadigiito modelling.

Lastly, theZo(i) term, is the program-&core cuoff for distinguishing letween the good quality

and bad quality templates. The standard of the template can be describedo()et#.0, Zo(2)

=8.5, Zo(3) =8.0, Zo(4) =10.5 ordering from high to lovguality threading template'§!

3.2.2 Ligand Preparation and Molecular Docking Calculations

Molecular docking of the selected ligands (i.e., AM6588251, and MJ15) against the complete
human CB model was carried out using AutoDeWkNA %2 an efficient and rapid docking
program. Autodok-VINA employs a docking method that uses a simplified empirical scoring
function (for ranking of poses) and a gradieptimization algorithm for conformational searches
during docking®3 The target structure and the ligands were prepared in AutoDockTools version
1.5.6% utilizing energy bonds, with the addition of hydrogen bonds (so they could be accounted
for during docking calculations). Ligand structures were retrieved frerPtibCher° database

in the SMILES format, which asthen converted to the PDB format using OpenBable. PDB files
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of the ligands were then converted to the AutoDWEKA format and Gasteiger charges were
assigned to the ligand atoms using the ligand preparation script from AutoDockTools.
Subsequently, thedands were docked into the gtetermined docking grid (size) centred on the
orthosteric binding site dheCB: model. The molecules were ranked based on their docking score,
which is based on effectiveness and free binding energy value. The resull®fking were then
assessed through a visual comparison of the ligand binding pose, in each of the docked complexes,
against that of ZDG in the crystal structure (5TGZ). Since docking programs are known to be able
to reproduce crystallographic binding padast not necessarily rank them correctly, binding poses

that showed a good agreement with the crystal structure, demonstrated by the overlap of their cores,
and heads were selected for further analyses of classical MD simulation and MMRB&A

binding free energy calculatioh¥. For visual analyses of the docking results, the PyMOL
program was used. Since the experimental binding data were available for all the ligands
considered in this work, we then used tbported K (inhibition constant) data and the resultant

experimental binding free energi@g3) against the values predicted from our calculations.
Ki values were converted into binding free energies using the following equations:
yO YUY &

(3.2)

(3.3)

Here, R is the gas constaftq831446261815324thariK' tmol'Y), and T is 310K in Kelvirt3®
3.2.3 System Building

Utilizing the Membrane Builder program in CHARMRBUI*8, the liganebound CB complexes
were constructed in a physiological environmenttioé membrane bilayer, solvent (water
molecules) and ions. In the first step, the TM positioning of ther€ptor was determined using
the Position of proteins in the membrane (PPRprogram and the orientations of proteins and
membranes (OPM) databd®¥e Subsequently, each of the ligapmbtein complges was
embedded in a prequilibrated lipid bilayer made up of-galmitoyl2-oleoylsnglycerc3-

phosphocholine (POPC) molecules and solvated with TIP3P water molecules. The ion
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concentration for each system was set to 0.15M NaCl. The overall sizesagfmbled systems
were 156 x 1508 x 143A; 1504 x 1508 x 143A and 156\ x 150 x 144A for the AM6538,
AM251 and MJ15 complexes, respectively. The parameter and topology files for the protein and
the ligand were generated for further MD simulatith.

3.2.4 Classical Molecular Dynamic Simulation and Analyses

All MD simulations were run using the NAMD version 2% simulation package with CUDA
support, with the CHARMM36m forcefieltf for describing the structures of the protein, and the
CHARMM general force field (CGenFF{ for the bound ligands in this study. Each system
underwent multiple stagesf energy minimization utilizing conjugate agtient, 15 ns long
equilibration and 50ns long production MD simulation. MD equilibration and production were
carried out at a preset temperature of 310K with an atmospheric pressure of 1.01325 bar. In
addition, Particle Mesh Ewald (PME) electrostatics evanplementedallowing for infinite
electrostatics (longange electrostatic interactions) without truncation. Jde der Waals foree

based switching distance of £0was applied to the system to ensure smoothing of the function
for the electrostatics and van der Waals forces, aagtda@ abrupt truncations in the force, thus
conserving energyA cutoff of 12A was set for local electrostatic and van der Waals irtierac
distance calculations. All bonds involving hydrogens were set as rigid, to avoid high dynamics,
and Langevin dynamics were applied to the system. Harmonic, planar, and dihedral restraints
(Table 3) were applied to the protein, lipids, and the liganthww the system, in which beta
coupling (temperatureoupling) was used for the harmonic constraint force constant. Harmonic
restraints and planar restraints were gradually reduced from 500 and 5 to O, respectively, over
equilibration and minimization. rBduction was run restraint free with rigidity added to the

hydrogen atoms and bonds within the system.
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Table 3.2: Stepwise information on the protocol for equilibration. Minimization was
conducted together with equilibration in step 6.1. Releaselasfap and harmonic (dihedral

restraintsthroughouthe simulation are shown within each step.

Restraints (Kcal/mol):
Equilibration step Planar Harmonic (dihedral)

6.1 5 500

6.2 5 200

6.3 2 100

6.4 1 100

6.5 0.2 50

6.6 0 0

The stability and flexibility of the ligangrotein complexes during the MD simulations were
assessed based on the evolution of the backbone root mean square deviations (RMSDs) and per
residue root mean square fluctuations (RMSF). The RMSD and RMSF plotsangpated from

the MD trajectories of the complexes and using the CPPTRadftware in the AMBER1E®

package. All other trajectory visualization and analyses were carried out using PyMOL and VMD.
3.2.5 Binding-Free Energy Calculations

Accurate estimation of binding free energy calculations is an important aspect of coaigeter
drug design (CADD)Molecular Mechanics Poissdéoltzmann Surface Are@gMM-PBSA) and
Molecular Mechanics éneralized Borisurface AredMM-GBSA) methods provide an efficient,
low-cost mean®f estimating the bindingree energies of ligandrotein complexe$** In this
study, we used the MNPBSA, which employs the Poiss@woltzmann model, to compute the
relative binding free energies of liga@B: complexes. Respectively, then in comparisotht
computationally expensive freanergy perturbation method. MFBSA method can be described

by the following equation:

v

yo Yo "¥Y &0  ¥O yo WO (3.4)
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Thebinding free energy{O ) is equated to the entropy'Y (the disorder within the system,
which is dependent on temperature) and the enthfjey (the thermodynamic anithe sum of
the internal energy contained within the complex). These twcsteam be further divided into the

gasphase binding free energyyYQO ) as well as the polar solvation free energy of the

complex Y"O relative to that of the inverssgonists and CB
YO YO YO

Thegasphase binding free energy® ) can be divided into the averaged @gand
interactions, which include the potential energy or molecular mechanics enerd® termand
the contribution of entropy (W'Y.'O  can be further composed irttte norbonded and
bonded energy, in which the ntwnded energy is composed of three terthan aggregate of

electrostaticQ ), 2) van der WaalsO ), and3) internal energy'O
O O O O andO O O ©
The solvation energy of the complex can also be comprised into two terms:
YO YO YO
YO [ Y® Y

Y'O is the polar solvation free energy contribution calculated by solving the nonlinear Poison

Boltzmann (PB) equatiolf> On the other hand the nonpolar solvation free energy, is estimated
using the solveraccessible surface area (SA) term.

All MM -PBSA calculations were carrieditoutilizing the Calculation of Free EnergZd4FB

VMD plugin for NAMD.#¢ CaFEpredicts binthg affinities from MD trajectories and using an
endpoint approach. The receptligand binding event can be split into two stages: association in
the gasphase evaluated with a classical forcefield, and in the aqueous phase using implicit solvent
and thedifference between the two phases results iggheCaFE conducts these stégaitilizing

the MD trajectory files for engoint analysis. The engoint approach in energy calculations is

one in which the complex, receptor and ligand conformations &ngcted from the MD trajectory

files. In terms of the energy calculations, three energetic components were calculated, the first

being the gaphase energy difference between the complex, the isolated receptbegadnd.

29



Second, the polar solvatioref energy is calculated by calling the VMD plugin APBSwvhich
calculates the solvated PB equation implemented in the program. Lastly, the differ¢nee
solvent accessible area (SASA) was considered, along with the calculation of the nonpolar
solvation free energy through iteear relatioshipwith the SASAL4®

The binding free energy is averaged throughout thradsa in which the entropic ter(¥3 was

ignored due to its high computational costs and frequent generation of inaccurate results in entropic
calculations. In addition, the entropy term can be ignbesthusehe estimation of the binding

free energies waconducted to determine the relative binding strength of structurally similar
compounds iracomplex with CB. All MM -PBSA calculations were carried out with an internal
dielectric constant (indi) set to 2.0, while the external dielectric constadi) (was set to 80.0.

300 snapshots were used for the last 30ns, in which 100 used snapshots per 1000 frames, with a
stride set to 10.

3.2.6 Principal Component Analysis

Principal component analysis (PCA) is a statistical method that is efficient inirrgdilne
dimensionality of a complex system while extracting essential information from the principal
modes of sampled motidf®4° PCA represents a linear transformation that diagonalizes the
covariance matrix and removes instantaneous linear correlations among the véfiaBjes.
ordering the eigenvalues of the transformed matrix in decreasing order, it allows for the analysis
of the relationship between different sasgblconformations during the trajectory, as well as the
principal components (orthogonal eigenvectors) describing the maximal variance on the
distribution of the structuré$®1“® The percentage of the total mean square displacement (or
variance) of atomic positional fluctuations captured in each dimension are characterized by their
correponding eigenvalue. Usually;38dimensions are sufficient to capture over 70% of the total
variance within a given MD trajector{?® Moreover the utilization of dhedral angles or atomic
coor di n-asarbensatorh@marmort valuable component to measure coordinates in PCA, than
in comparison to other internal coordinates such as bond lergitibpnd angles which do not
undergo large changes in amplitdd&ln this PCA analysis, the x, y and z coordinates of thé C
atoms were used for trajectory frame superimposition and PCA andREise timedependent
motions (k) are described as av@riance matrix (§) between the atomic Cartesian positions of

our residuesiyj), which can belescribed as follows
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To derive the principal components for our data, reductighetlimensionality othe system is
necessary by finding the projections which maximize the variance or minimize the total mean
square displacement. In essence, the first principal component is the vector that has the largest
variance, while the second,tfee direction in space that maximizes the variance orthogonal to the
first compo Feaforduatethe eqeaton of thencovariance matrix the composition

of ® o and their mean®d need tobe incorporatedd ity  encompass a pair of elements

(i,j) of vectorw , which includes any of the X, y, and z Cartesian coordinates 0f tatoms for

the protein at time steR. On the other handyh® are the mean values of those Cartesian
coordinates calculated from N structures within the MD simulation. Ensuring the maximization of
the variance on the projected vector, the variance of the projections along the vectors, is taken by
squaring the sum dhe magnitude of the vectorly for i andj, subtracted by the mean of all

the projected vectors (ofandj), «: 1% whereo is the unit vector and is transformed matrix
(Equation 3.6). In essence, equation 3.7 computes the closed form afoteriance matrix
(Equation 3.8) or:: 1 Fo o, whereC is the closed form of theovariance matrixandneeded

to be maximized. Using, Lagrangiamultipliers, while incorporating the constraint that the unit
vector needs to be 1, generates the final forgh ofs 1A wheresr is transformation matrix

whose columns are eigenvectors of the motions, while the diagonal elementsyofatteethe
associated eigenvalues. Thus, using the largest eigenvalue, generates the highest variance, and thus
the highest degree of fluctuation within the system. The eigenvectors show the direction and

magnitude of motion of the backbone and the associated eigesvaie the frequency or
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amplitude of that motiof*® All PCA analyses in this work were conducted using Bit3[a

package in R used for analyzing protein structures and MD trajectories.

3.2.7 CrossCorrelation Plots

Dynamic crosscorrelation extracts essential information about the fluctuations a
macromolecule spanning hundreds of nanoseconds (ns) in MD simulations. Since correlating the
dynamics between different atomistic segments is often difficult, -casshtion plots ease this
process by quantifying the correlation coefficients of motions between atoms. These cross
correlation maps help to analyze the effects that various residues and or atoms nuayeaave
othet2 Dynamic crosorrelation can provide insights into the correlative motion of atoyns
analyzing the displacement of deterinmaverage coordinates on the backbone fluctuations and

domain motions within the©  a 5% The equation of this method can be described as:
M oM 00 (3.9)

06 66Q E—
& 00 &Y 05O

The displacemedtvedt checaomodmidsatCes withh, respec
which is the vector of the h at-dm&ar €Cesi an coordinates in an
function of time, whileYi o, expressed as © @ 00, i s t heith ¢&c tad roans
coordinates subtracted from the average of tl
snapshdf® The crossorrelation plot for the isolated proteins and their complexas also

calculated using the Bio3d modti®

3.2.8 Clusteranalyses of MD trajectories

MD trajectories often involve various conformational changes of the system under study. By
performinga cluster analysis, it is possible to identify the most dominant conformational states
sampled duringhesimulation. In thisvork, we performed cluster analyses of the MD trajectories

of the ligandCB1 complexes using the-Kheans algorithm and by employing backbone RMSD as

a distance metric. fheans clustering, a popular unsupervised machine learning algorithm,
partitions datagde intonoro ver | appi ng c | n}withattrse pr&tmptiol that all, C
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conformations are hierarchic&f For protein clusteringk-means aims to cluster the three
dimensional Cartesian coordinates of all the atoms within the simulated system throughout each
time-evolved snapshot, based on their similarity to each &th&f. The similarity parameter that
characterizes the formation of each cluster indoctrinates a geometric constraint, being the RMSD
distance between pairs of MD conformations. Particularly, the RMSD of each conformational
snapshot is calculated basettbe protein atoms (ex) heavy atoms do&oms) in their Cartesian

(x, y, and z) coordinates. Thus, each cluster can aid in describing similarities between pairs of
conformations, and facilitating the ease of trajectory analy’is.

(3.10)154
aQE M A

Defining the algorithmedenotes the MD conformations in ttik cluster® ,while‘ describes

the cluster 6s c ®4initially, a lygeeparameterrdéd canformatians s picked

as the initial number of cluster centers, to which all other conformations are assigned to thei
closest centers (also termed nearest mean or cluster centroid). By doing this it ensures that the total
within-cluster sum of squares of distances of the conformations or the Euclidean distances and
their corresponding cluster centers (geometric meaasnmimized™*. In the iteration step, the
re-calculation of the geometric means of each cluster is computed, in addittmdistanceof

all other conformations to their closest centers. The algorithm is terminated once the system
reaches convergence, and the amounK afonformations is satisfied by the initialgiven
hyperparameter. The average runtime complexity fonéans i<O(Knl), wheren is the number

of conformations in the MD dataset, K is the desired number of clusters, and | is the number of

iteration steps$>

All cluster analyses in this work were carried out on the last 30 ns of MD trajectories of the ligand
CB1 complexes using the CPPTRAItool available within AMBER18" To find the most

optimal number of clusters, clustering was performed on the RMSD of the protein backbone atoms,
which is the prime indicator of elucidated variances, to which 50 clusters were generated. The
cluster with tle lowestDaviesBouldin Index DBI) score, a relatively higipseudeF statistic

(pSF) value and reached a plateau on the SSR/SST was chosen to be the more optimal cluster. In

essence, thBBI*®® measures the sum ovalt clusters within the current cluster to the between
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cluster separation or essentially measures the average similarity of each cluster with its most
similar clustef:>>%8In this casethe similarity is the ratio of withircluster distances to between
clusterdistances, therefore clusters that are farther apart and less dispersed will result in a greater
DBIscore’™®™l n contrast, the pSF indicates the o6tigh
sum of squarev@riation) between groups to the mean sum of squares (variation) within the group,

or in essence the similarity within the group to the variation between the group. Generally, a lower

DBI and a higher pSF value indicate a higher quality cluster. The SR also known as

the Rsquared value @ or the coefficient of determination, is an indication of how well the
percentage of the variation in the response variable (or output) can be explained by the hyper

parameter or the predictor variatiie

3.3 Results

3.3.1 Generaion of the Physiological CB. Model
3.3.1.1 Gterminal Building

Implementing data from various experimental and computational studies to solve the structural
components comprising the entiret@minus*®1°81%9 were used as a guide to constructing the
complete Germinal tail in FTASSER. Outlined locations for helixX$™nUsand helix §teminus

were used as praefined structural constraints in tigeneration of the models. The structural
location and composition of helix 8Vealready been solved through various:€B/stallographic
structures, which span S400 to P412. I n ter ms
investigated to & involved in Gprotein coupling, as well as performing in the interactions with
various ICLs, which become disrupted upon activatietDespite little information surrounding

helix 9, NMR studies conducted by Ahn andworkers®8, examining the entire GR:arboxyt
terminal tail, confimed the existence of the location helix 8, in addition to a helix 9, located near
the terminal end of the t&it®°°The function of helix 9 has still yet to be determined. Specifically,
helix ~e™Mnus\yas alluded to be confined within the regions of residues44&lin thein-silico

paper by Singlet al ,*6, and A446M461 in thein-vitro study conducted by Ahet al,*®8 Utilizing

these literatures, the-términal tail was submittetb the FTASSER online server under the
structural constraints of helix 8 encompassing residuesta@nd helix 9 containing residues
440-463. FTASSER?!, generated 5 models. Models with lows€ores (the scoring function in |
TASSER), which abstained fromcorporating our structural restrictions for helices 8 and 9, were
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omitted. The Gscore ranges from values €f to 5, in which a higher Score depicts a better
model?*! The chosen structure encompassed most of thdgfimed structural constraints: 404
413 for helix 8, and 44456 for helix 9, out of all generated structuresaddition to maintaining

a moderate &Gcore (~3).

3.3.1.2 Nterminal Building

The Nterminal section was modelled with an absence of folding restrictions due to the lack of
experimental studies outlining its structural composition at the time fadn&hing the Nterminal

segment. The only structural component taken into consideration was the presence of the disulfide
bond between Cys187F™s and Cys98*™Mnus previously discovered in the experimental

studies with cannabidiol (CBD) by Blumedcolleague’S. Generated models of thetlrminus

by I-TASSER were visually inspected to contain the disulfide bond, where structures missing this
component were disregarded. Recentlyjrasilico model for the CB N-terminal domain was

published by Jakowiecki and colleagd®sThis recent paper analyzed the impacts of ke
terminus in the pr edkdhanae negative gllasteric imadulatoa GBDn i s t
Filtered structures fromTASSER were compared to the model by Jakowiecki and colle2§ues

as an additional structural criteriéor picking the best model. The chosen model containedthe N
terminal helices (NTH) 1 an'®inittl medet(NTHIN30-FBa k o wi e
NTH2:61-69, NTH3:80-94), with an absence of NTH2. It is important to note, however, that
throughout simulation Jakowieckdt al., (2021)% notified that NTH2 KNTH2: 61-69) had
disappeared with the subsequent lengthening of NTH1 in the agonidt yTHG@pnodel NTH3:
78-92,NTH1:29-35), which more accurately aligned withaure ner at ed model . NoO |
sheets were present in ourtéminal model. Overall, our structure contained a short helix at
residues 3BI9(NTH1), a helix at amino acids 74(NTH2), and 8690(NTH3). To date, the exact

entire functionality of the Mermirus is unknown.
3.3.1.3 Validation of Models

Due to the plethora of loops and disordered regions present within both extremity structures, both
N-and Gt er mi ni model s6 structur al gualities were
serverERRATH®161gnd VERIFY3D%2183 ERRATI ast r uct ur al quaadyiesy pr o
the statistics of nofbonded interactions between different atom types to maintain the three

dimensional structure(3B§! On the other hand, VERIFY3D assesses the compatibility of an
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atomic model (3D) with its amino acid sequence (fBRoth of these programs work together to
measure how well our préefined structural restraints in conjunction with the amino acid sequence
fits the generated model. In essence, these specific validation criteria were used together to help
confirm the 3D structure of each model. ©ffs <50% wereapplied to both quality checks, in

which both structures had passed, thus deeming them to be of suitable quality. Specifically, the N
terminal segment was assessed with a score of 66.67% and 92.24%, whitertimén@l segment

had scores of 86.15% and.80%, for ERRAT and VERIFY3D, respectively. The discrepancy in
thelower Nt er mi nal 6 s ERRAT score can beNtmmadlai ned
crystal structure (in contrast to that of the partially solvetg@inal segment) in addition &

large number oflisorderedregions present within the domaihhese two aspects added to the
lower ERRAT score, for the scoring function uses homologged comparisons to
crystallographic structures when assessing the quality of the model, thereforegcaeclaiymer

level of uncertainty in its scofé! However, the ERRAT scoring function certifies any score >50%

to be deemed a higiuality model,to which our structure adheré®{-'%*In addition, our N
terminus also contained the disulfide bond (Cy8187"Sand Cys981e™inuy solved througtn

vitro studies, further validating our model. Likewise, oute@minal segment contained most of

the residues within the confines of the experimentally determined regions of helix 8 and 9, further
adding to our validation criteria. Therefore, both models wesa 8titched onto the modified

crystal structur eosveBidvhld®gment using Chi mer a
3.3.2 Molecular Docking ofLigands against CB

Ligands were individually docked within a grid box centred (x = 444 = 27.17A; and z =
318.99A) on the orthosteric binding site thfehuman CBmodel.
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Figure 3.1: Docking poses for cannabinoithverse-agonists Visualization of docke¢a) MJ15

(blue) with crystallographic ligand ZDG (magenfla) AM251 (blue) with crystallographic ligand
ZDG (magenta) anft) AM6538 (green) with crystallographic ligand ZDG (blue). Comparison of
inverseagonistigand poses to the crystallographic ligand ZDG after subjection to production runs

for (d) MJ15 (green) an¢e) AM251 (green) andf) AM6538 (pink).

The structural models of the docked complexes are showigime 3.1 All the selected ligands

shared a snilar chemical structural architecture, in which they contained three fragments (named

arms 13) that are connected to the central pyrazole coreFigeee 3.2).
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Figure 3.2: Inverse agonist MJ15 and Rimonabant antagonist analogues AM251 and

AMG6538. Chemical composition of various molecules.
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Figure 3.3: Computational models of inactivated CB in complex with three ligands
Visualization of CB (PDB code: 5TGZ) in complex witfa) MJ15 (b) AM251 (c) AM6538

For each ligangbrotein complexseveral poses were generated and scored; however, as described
in the methods section, only the paksatshowed good agreement with the binding mode of the
ligand in the crystal structure (used as a referenesyelected. This is a reasonable assumption
given the high degree of similarities in the chemical structures of the ligands selected for this work.
As shown in Figure 3.1, all three ligands displayed a binding pose that closely resembled the
reference posé-or instance,Rigure 3.4 A M6 aréh 8 ltes in a side pocket formed by helices

I, 1, VI and VII. Within the docked structure, arm 1 was observed to fetectrostatic
interactions with Val196®2, Cys38642 Leu387“3andGly166°3(bond distance = 3.2§, which
agreewith the crysallographic structure interactions. Arm 1 was also seen forming additional
electrostatic interactions, beyond that of the crystallographic structure, with the hydroxyl group in
Ser3964” and Ser173% (bond distance = 2.29 2.93 A, respectively)Moreower, Trp356*%and
Phel78% were seen mediating” i nt er ac t i Howeser, unlike the caystatographic
structur e, our docked AM653ahdway dmotphobser vad
Ser167#>*andMet103"*™. |n terms of arm 2t extended to a narrow channel formed by helices

I, V, VI and ECL22% The phenyl group in arm2 established iriteractions with Phe268-,
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and Trp35648 in addition to electrostatic interactions formed with several residues, including
Leu1932° val196-%2 Thr19723 Leu359° and Met36%°°.1%° The nitrate group was observed
forming hydrogen bonding interactions with Thr#8%(hydrogen bond distance3:408) an d

i nteracti ¥ sHowevert in arm2y o2 ByStem was not observed forming
interactions with Phel®2°™ nor is our nitrate forming any hydrogen bond interactions with
Tyr2753%and Trp279* which are all interactions reported in the crystallographic strutitire.
Lastly, arm 3 had extended to a gap created by helicesahdlIl and was capped by the-N
terminal | oop. Arm 3 fandedl|l acttombiHshiB&onnioér

Phel7#% Phe174°! and Asn10f*™ However, unlike the crystallographic structure, our
AM6538 was not seen mediating intefans with the hydrophobic residueiet103*™ [le 105"
term 11e119-%, Ser123°° Phel76°’, Ser3833°and Met3844°109

Figure 3.4: Binding location of the inactivating molecules AM6538, AM251 and MJ14a)
Location of AMG65 3 gréceptoaTMidé) AME588Hhiue), MJI1bégreénBand

AM251 (orange) superimposed on each other to demonstrate the similar lcoabzaheir arms.

(c o AM653806s residue interactions formed withirtr
mediated amongst MJ15 and AM251 ligands.
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MJ15 and AM251 were also mediating similar interactions as AM6538, in addition to maintaining
thesameloal i zed regions for their arm placements
forming “- i nteract i é%andPuel76f’ in Tadditid 36 establishing further

hydrogen bonding interactions with the hydroxyl groug&m390-#/, and withresidues lle16%°,

Vall96>% Cys38642 Ar m 2 was observed f or mimtge rhayodtrioagres
Trp27943 Met363°5, Thr19723 Trp3566*, Vall96-*, Phe268°? Leul1932°. Regarding

arm3, its docked position was seen mediating hyogen bonr'diingt earnadct’i ons
Asn10M™ His178&%° Phel7#%andPhel74%.  Si mi | a r &rg 1wasfal®obskroes
formi-ngi nteract i &% andPhalI8f, withradd®iénél hydrogen bonding
interactions formed with théydroxyl group inSer3934’ and Ser19%*® and with residues

lle169°% Vall196*2 Cys38642 Ar m2 was al so observed -for mini
interactions witiTrp27943 Met363°, Thr197-23 Trp3568 Val196-2 Phe268°-2 Leu193-%°,
andLeu35%°.  Ar m3 was also forming hydriongeer alcan dinrs
Asn10e™ His178-%5 Phel7#% Phe174°%% Ser17360 109

The binding energy for the docked complexes of AM251, AM6388MJ15 against CBare-

8.2 kcal/mol,-8.3 kcal/mol, and7.9 kcal/mol, respectively. However, it should be noted that the
docking scores are only based on the interactions within the individual static poses and do not
account for conformational flexibility upon complex formatiorherefore, we optimized the
ligand-receptor complexes in their physiological environment of a lipid bilayer and solvents using

classical MD simulation.

3.3.3MD Simulation and Structural Stability Analyses of the Ligand-Bound CBz

Complexes

Each complex was run for 50 ns of classical MD simulation with NAMBptiomize the system
andassess its dynamic behawi@nd molecular interaction$heRMSD (Figure 3.5 was

calculated over the course of the entire simulation for the protein backbprabt the stability
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of the systems during simulation.
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Figure 3.5: RMSD graph for the 50 ns classical MD simulation for AM251, ZDG and
MJ15. The last 30 ns were chosen based on the stability of the systems at this time. RMSD was

plottedbased onthe ptoei n backbone atoms: cea@bdnon, nitroge

Results from the RMSD plots of the receptor backbone revealed that all the complexes underwent
some structural changes during the initial 20 ns of MD simulatiwioh is reflected in the linear

increase in the RMSD values in this stage. Nevertheless, the RMSD values reached a plateau after
20 ns and remained stable until the end of th
achieved equilibrium. This is apparent as the average aeviat the MJ15, AM251 and AM6538
complexes during the last 30 ns of MD simulation were observed to be 0.55A, 0.50A and 0.50A,
respectively. It was also noted that the AM65@8: complex reached stability at ~ 9.98A from
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the starting conformation; whexe the AM251 CB: complex and the MJ1EB: complex
stabilized at 10.04 A and 10.70A from their respective starting structures. Thetredéel6538-

CB1complex displayed the most stable behawnio

To observe specific residue fluctuations aegions of high dynamics across the trajectory, RMSF

plots Figure 3) were calculated based on the protein backbone.
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Figure 3.6: RMSF plot of all three inactivating systems, and their respective residue
fluctuations. Regions experiencing high dynamics are all indicated in a square. Dynamic regions
in the CRB protein (visualized with carystalized ligand AM6538) are shaw

Plots for each complex were generated and compared for the last 30ns of the classical MD
trajectory. Regions of high fluctuations were comparable with other reportsitico studies
106,107,145 The highly fluctuating regions in all three systems were mainly observed in-the N
terminus (residues MQ116), the ICL3 (residues K30344) and the @erminal(residues R400

L472) regions. In addition, other intracellular and extracellular loops also displayed some
variations. These are not surprising as the loops are often flexible and prone tg wlergas

the Nterminal and @erminal regions included modesordered regions. Comparison between the
different systems revealed that the MJ15 complex was most dynamic in @sdNGtermini,

whereas the other two ligands exhibigedlightly lesser degree of fluctuations in these regions.
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Nevertheless, the dymacs of ICL3 werealmost similar in all the ligarbound systems with a
fluctuation of ~10A. This indicates that the nature of the ligand probably rertletsast impact
on this large ICL3. Unsurprisinghall systems maintained stable dynamics in tfidir regions

(between residues ~1400 inFigure 3.6).

Despite there beingnany unstructured segments in the-t&minus, the RMSF values
corresponding to this ferminus across all systems, experierfeseer fluctuations (~103 to ~4

A reduction)than incomparison to the @rminal region. To access the reason for this, further
exploration of the Nerminus and its impact was analyzbtbughouthe simulation. Interactions
introducing stability were observed and compared to a previous work repordekiomjecki et

al., 1%to identify any conserved atomiigteractionsindependent of the structural composition of
theNt er mi nus, e atarminaldomaip Adepted & simNar positioning in respective to

the orthosteric pockeE{gure 3.7 and Figure 3.8.
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Figure 3.7: Nterminal domain placement in relation to the orthosteric site and the ECLSs.
MJ15is visualized in therthosteric pocket, where the MPR (orange; residuekl®) are forming
a dWaped i nto t htermipabaak(purple; residuds2D) ik situatdd over the
orthosteric pocket forming stabilized interactions with the ECLSs.

For all three compouwts (MJ15, AM6538 and AM251), a portion of thet&minus (GIn97 to
Leulll) was projecting into the gap between TM1 and TM7, which has also been proposed
numerous times to be the gating channel to the orthosteric pocket from the extracellular solvent.
This suggests that the-términus may play a role in the access channel for ligand binding to the
orthosteric site. The fferminus region spanning residues Me&tirl8 was also seen projecting
itself near the orthosteric pocket, similar to the finding3ddkoweckiet al., 1%, This conformation

of the Nterminal region potentially acts as a method to extracistteent from the binding

pocket!® A network of salt bridge interactions forming within thetétminus and beteen the
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ECLs, were observed in all systerite pesence of these interactiasgproposed tdelp orient

the Nterminus near the orthosteric pocket and support the stability of ECLs andeh@iNus.

In the AM251 system, intraN-terminal electrostatiinteractions were seen forming between
Glu31:-Lys34,and Asp32Lys2, in addition to Glu9&ys90 which were mediating sporadic salt
bridge interactions for a shorter amount of time dutimgsimulation. Whereas the salt bridge
interactions conserved betweAsp6Lys373, Aspl9ys40, Asp27Lys183, Asp36e.ys40,and

Glul06Lys376 were more stabilized and were seemfost ofthe trajectory.
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(orange) between the two residués. Asp 6Lys3 (green)(b) Asp36Lys40(cyan),(c)Aspl76-
Lys192(pink),(d) Asp27Lys183(yellow)(d) Asp19Lys40 (cyan).
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Figure 3.9: Salt bridge formation throughout the Nterminus adding to the structural
component 6s st a.blfhelbstt30/ns bf trajectdxyMabesri8uBlized as a trajectorial

evoluion plot (left), and bond formation in the-fdrminus (right). N and O distargare plotted
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(blue) between the two residudga) Asp19i Lys 2 (purple).(b) Glu 106 Lys 373 (greenjc)
Aspl184Lys2 (d) Asp 104Lys 376 (greenfe) Asp104Lys373 (green)f) Asp36Lys40 (cyan).

For the CB-AM6538 complex, Aspl9ys183,and Glu93Lys90 were mediating shorter salt
bridge interactions, whereas Aspll@s2, Asp36Lys40, AsplO4Lys373, Aspl04.ys376,
Aspl84Lys2 and Glul04.ys373 exhibite stronger interactions encompassing most of the
trajectory. The MJ15 system was observed to incorporate shorter forméddgdt interactions
Aspl9Lys183, Aspl04.ys376,and Glu31-Lys40 with each other. Aspys373, Aspl9.ys40,
Glu31-Lys183, Glu86Lys84, Glu93Lys90,andGlul06Lys373 were having more stabilized salt

bridge interactions spannirige majority of the MD trajectory.
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A

component oOs
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The average distance between the strongbs@ge contacts from the last 30 ns MD simulation
averaged 3.0A, 3.77A, and4.05A for CB; receptors bound to AM251, AM6538 and MJ15,
respectively. This explains the superior stability observed for therrNinal domain in the
AM251-CB;1 complex.

3.3.4 Structural features of the N and C-terminal domain of CB1

Since the Nterminal and @erminal domains were separately modelled and attached to the
inactivated TM state of human ¢Bwve analyzed the secondary structural composition of these
regions before and after MD simulation to observe their evolution. Both the terminal segments
were mostly astructured with some levels of helical contents. In the initial structures of the
complexes, at the#&rminal end, all the ligandound models exhibited two helices (dubbed here

as NTH2 and NTH3). NTH2 was formed by ~7 (x3) residues spanning-9dgi62, whereas

NTH3 was composed of ~15 (£3) residues involving AsGIi91. In addition, we found an extra

four residuedong helix (dubbed NTH1 based on the sequence numbering) in the complexes of
MJ15 and AM6538; but the position of this helix was not caresgin the two complexes. the

MJ15 complex, the helix was formed by residues THRI®2, whereas this helix encompassed
residues 341 in the AM6538 system. The presence of the heli@ssmgood agreement with a
previousin silico work by Jakowieckiand colleagué&® on CBD andp-THC bound CB models

that did not include the-@rminal domainWhile the positioning of NTH2 and NTH3 reportied

this work were in good agreement with our models, the NTH1 in the earlier work was seen to be
present at residue position-36 whichis consistentvith the observation in our AM6538 system.
Nevertheless, the previous wéitkreported that NTH2 became unstructured during the MD
simulation. We observed the same behawia our simulations as well. While the NTH@as
maintained throughout the simulation, NTH2 disappeared and the NTH1 helix mostly remained
stable only in the AM6538 complex. Thus, our simulation suggests the structural roles of NTH3

in the dynamics of the GB\-terminal domain.

On the CGterminal end we found the presence of a slightly larger helix (helix 9) that was
approximately formed by residues Val422 to Lys455 in the ligaouhd complexes in this work
except for the AM251 complex, in which this helix was formed by residues Lys455 to Val463.
Helix 9 remained mostly stable in our modelsring the MD simulation. Earlier, Ahn et al,

(2009)°8 employed circular dichroism spectroscopy and characterized theaesiié4oM461
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in human CB formed a amphipathic helix. In another study by Singthal, (2019¥° modelled
the segment spanning residues-445 in human CBand characterized it as a helix. Thus, the
key helical content observed in our models agvath previous reports. Cumulatively, our model
represents the first fulength inactivated CBstructure that extends moleculavel insights.

3.3.5 Binding Free Energy Calculations

The bindingfree energies of the ligafmtotein complexesT@able 3.3 were calculated and

averaged over the last 30 ns timeframe of their respective MD trajectory.

Tabl e 3. 3: Conversi of
Calculation of experimentally determined ¥alues for AM6538, MJ15 and AM251 (put the
assay) bi n®i nigkcdl/ma. BemeeratargTy was geteto 310K, and R, the

gas constant, was set to 0.0831446261815324itK' ‘tmol .

on a n ti agguesnintes Kcal/molv er s e

t o

Ligand Ki/lKd Kcal/mol &G from | Standard | Reference
Molecule | value(experimental)| (calculation) | MM -PBSA | Deviation

calculations | (kcal/mol)

(kcal/mol)
AM6538 | Ki=0.038 nM -84.29 -52.2 3.68 109,117
MJ15 Ki=0.0272 nM -92.01 -41.04 3.77 124
AM251 Kq¢=0.23nM0.8nM | -37.88 to -37.38 4.84 119,120121,122

5.75

The results indicated that AM6538 exhibited the strongest binding affinity (ve#h @alue of-

52.2 kcal/mol) among the three ligands in this study. MJ15 exhibited a binding affinity of ~41
kcal/mol toward our CB model, whereasAM251 displayed the weakesffinity against the
receptor. Experimental data suggest that AM6538 and MJ15 exhibited almost similar inhibition
kinetics against CB while the AM251 shows the weakest affinity, which fairly correlates with
our MM-PBSA values. Although the binding posed affinity of the AM6538CB:1 complex are

in good agreement with the experimental ddt@ab(e 3.3, it should be acknowledged that the

calculation might have been influenced by the fact that thayXcrystal structure used to build
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CB: in this work was originally c@rystallized with AM6538. Previous studies by Jweiaal,
(2018}*°and Loo et al., (2018 stated that the crystallographic structures introduce a bias, where
the positioning of their structural componeistenore favarable for their cecrystallized ligands,

as well as molecules that are within the same class of tbeystallized ligand. Limitations in the
crystallographic resolution, create this bias whereby the crystal structures represent a conformation
that is primarily favarable for the binding and earystallization of a single ligand. Nevertheless,

our approach was stilible to discern the strong and weak affinity binders amongst the three
molecules selected for this study.

To identify the nature of interactions that contributed to the binding free energies of the complexes,
we computed the nebonded interaction energi®etween ligand and the surrounding amino acid
residues in the orthosteric binding site of :dBigure 3.1% for residueligand interactions see

Figure 3.4). These calculations were carried out using the NAMD Energy plugin from Y4ID.
Results across each inveiagonist system revealed that residues Phel70, Lys192, Vall96,
Phe268, and Ser383 are involved in strong-lbomding contacts with the bound ligand, in which

most of these interactions are electrosthtidrogen bondingnteractons. Residues Phel70,
Phel74, and Phel77 we'r estad ki rog suvnitemnts aftthid B r Imii ghagr
terminal residues situated within the MPR, residues such as Glu100, Asn101 Phe102 and Met103
were observedi me @i adoinenoptmesigandintodr dataset. More farable

MPR interactions were displayed within the AM251 and MJ15 systems, due to their positioning
of the Nterminal domain, which was orientated closer to the orthosteric pocket. These results
show the importare and impact of the MPR in the binding of antagonists or inverse agonists. In
essence, the MPR contribution to ligand binding is highly dependent on the conformation of the
ligand-bound at the receptor and within the orthosteric pocket. From these,nesuten conclude

that modelling the entire MPR is important when analyzing all redigaad interactions. Thus,
incorporation of the Nerminal domain in CADD and high througiut virtual screening may be

necessary.
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Figure 3.11: Electrostatic and van der Waals interactions mediated with CB receptor
modulators. Interatomic ligandreceptor interactions mediated w{th) AM251 (b) MJ15 andc)
AM6538.

Overall, the residues observed interacting with each ligand, agree with the same mediated
interactiors in the paper for the crystallographic structure 5TGZ by etual,*°® helping to

validate our models.
3.3.6 K-Means Trajectorial Clustering Algorithm

To understand the dominant structural conformations adopted ttwouthe trajectory, while
eliminating noise or less prominent/ higher energy adopted conformations within the trajectory,
the K-means clustering algorithm was applied to the last 30 ns of the classical MD trajectory. 50
clusters were generated for eackteyn utilizing 49 hyperparameters with a stepwise index of 1
from an initial cluster size of 2. The best clusters were picked based on a low DBI and a plateau
SSR/SST(R value. Based on the criteriofable 3.4 andFigure 3.19, clustes 38, 24 and 37

were picked to be the most optimal clusters for ligand complex MJ15, AM6538 and AM251.
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Table 3.4:Associated stéistic clustering results for each proteinligand system Complexes
and their associated best clusters sizes, as well asrtlesponding cluster size DBI, pSF
value(s) and SSR/SST score.

Ligand Cluster # | DBI psF SSR/SST (R)
chosen
MJ15 38 1.303014 749.138875 0.903455
AM6538 24 1.349322 1074.238504 | 0.892499
AM251 37 1.465873 510.422871 0.861141
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Figure 3.12: Results from kmeans clustering algorithm for the last 30ns of the trajectory.
Visualization of the DBI and Rolot as well as the corresponding clusters fox @nd systems
(@), (a.1)MJ15(b), (b.1) AM251 and(c), (c.1)AM6538, respectivig.
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The top three dominant conformations produced by each ligand highlighted the predominant
conformations formed between the inveegmnists/antagonists and theédtminus, as well as the
residues in the orthosteric pocket as seefigure 3.7, which could be further analyzed in the
trajectories. In essence, these interactions present within these dominant conformations further
explained the stability of the complex through a static image presenting the network of

predominantly formed inteand inte-molecular interactions.

The frames encompassing the best representative structures for each complex, AM6538, AM251
and MJ15, were between frames: 1521 to 1829-B2ns); 692873 (6987 ns), and 32670

(32-67 ns), respectively. AM251 and MJbe&st representative structure is generated from the
beginning of the simulation, whereas AM6538 is extracted from the middle of the last 30 ns from

the MD simulation.
3.3.7 Principal Component Analysis

To assess the fluctuations of the system, each syssésnsubjected to PCA for the last 30 ns of
the trajectory Figure 3.13. The degree of dynamics captured in each principal component (PC)
space, as well as the protein backbone fluctuations for the corresponding eigerwahees
assessed.
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Figure 3.13:PCA analysis and the fluctuations in the backbones, for each corresponding PC
space exploredVisualizations of the dynamics captured in the protein backbone for each PC, in
addition to their corresponding PCA plot, are depicted for systems containidigahds (a)
AM251 (b) MJ15 andc) AM6538

When analyzing the dynamics captured in the system MJ15;'igelnvalue contained over half

of the trajectorial fluctuations within the system (55.6%), allowing for half of the fluctuations in

the system to be explained by the first PC. THeeigenvalue, however, encompassed 73.3% of

the systerds total proportioal variance, thus capturing most of the dynamic conformations
adopted in the proteillgand complex, allowing for a deeper understanding of the system.
contrastc omp |l ex AM2Hrdvalue embodied a small amo u
capturingonly 31.4% of the total proportional variance within the system. The first four
eigenval ues, however, adopted most of the ©pr

trajectory, making up 72.1% of t he tspstera | var
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explores more conformations unrelated to one another, thus cagawiagdynamics in each of

its subsequent eigenvalues. For the complex AM6538, similar to the MJ15 systent the 1
eigenvalue encompasses most of the dynamics formed throughtmajek®ory, capturing 65.1%

of thetotal proportional variance. Due to most of the proportional variance being contained within
that first eigenvalue, this means that most explored conformations are happening in the first PC
space. As a result, the follavg eigenvalues capture a meniscal number of explored conformations,
to which the ¥ eigenvalue contains 71.8%thietotal proportional trajectorial variance, whiish

only 6.7% more captured variance than thieijenvalue.

To get a better understandiof the types of fluctuations adopted in each eigenvalue, the backbone
of the complex was visualized for the first three principal componEigsre 3.13. For the MJ15
system, the protein backbone for PC1 was seen mediating most of its dynamids-teriménus
(residues GltLeu472), the ICL3(Ala30Ala335) and the Nerminus (MetiPhe44), in which the
most of the proteinsd dy n-amCtersiniaraall tapteredTPKI2 r e gi
encompassetewer fluctuations than in comparison tcCR, where most of the dynamics are
mediated in the extracellular and intracellular segments, suitte &sterminal region (residues
Metl-Leulll), the ECL2(residues Trp2886267), the ICL3(Ala308°ro0332) as well as the-C
terminal domain (residues Ala4@&u472). ECL2, large fluctuations are due to it being the largest
ECL domain in the CBprotein. In addition, the ECL2 has a large role in ligand binding, in which

a high degree of flexibility is adopted in this region when interacting with ligand MJ15. PC3
possesssthe least number of fluctuations, where most of the dynamics in this eigenvalue are
between the @erminal region (Pro40Reu472), theand ICL3(Arg307-Val329) and the N
terminal helices (Asp3Bsn95). When analyzing the protein backbone fluctuationsarsystem
containing the ligand AM251, all three of its PCs were mediating the same level of dynamics
relative to each other. PC1 was having most of its dynamics withiC-tieeminus (Ala407
Leu4d72) the ICL3 (Ala305Arg331) and the unstructured region$ the N-terminus (Metl
GIn116). PC2 fluctuations were within thet€minus (Ala407Leu472), ICL3 (Thr313Arg331),

and the Nterminus (Met1GIn116), in whichthé-t e r mi n a | helicesd6 dynami c
captured. In contrast, thet€rminal domain dyamics were captured to a lesser degree than in the
previous PCs. PC3 fluctuations were mediating most of its dynamics in-tien@al region
(Alad07-Leud72), the ICL3(Gly31:Arg331) and mainly within the helices of thet&minus
(Met1-Glu100). For thesystem bound to AM6538, PC1 was encompassing most of the dynamics
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in the protein backbone, similar to that of the:@BJ15 bound complex, in which the entire
protein's dynamics in the TM region, the ICL3; &hd Gtermini dynamics are all captured.
However the regions mediating the most dynamics were apparent i@-teeminus (Ala407
Leu472) and theCL3(Met308Arg335), whereghe Nterminal dynamics were empowered with
the TM segment. The dynamics in PC2 were significantly reduced, hgwlesenost dyniaic
regions were observed within the @la407-Leu472) and Nermini (Met:Alal18), whereas the
TM region was very stabilized. PC3 was similar to PC2, wherefegryluctuations were being
captured. Likewise, in this eigenvalue, thee@minus (Ala407Leud72) the Nterminus (Asp36
Asn77), and the ICL3(Ala30Bsp333), had experienced the highest fluctuativhereas the TM
segment was very stabilized. Overall, across all systems, most fluctuations were withiartie N
C- termini, as well as the ICL3,nd only smaller variations were captured in the TM region.
Understandably, the TM segment exhibited a higher degree of stability due to the formation of
rigid secondary structures supported by hHatExmic interactions between TM helices. The

stability ofthe TM was also further enhanced because of the bound ligand.
3.3.8Residue Dynamics Correlation

To extract the dynamic relationships between the different structural components withinithe CB
receptor, dynamic crossorrelation plots were generated foclkeaomplex. The crossorrelation
plotsrevealed the links between the external and internal segments with the TM component.
terms of the CBb ound MJ 1 5Figerey 319 erasscsrreldtion plot communicated the
differences in atomic fluctuations adopted at different points in ttexiNinus.
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Figure 3.14: Crosscorrelation plot for MJ15. (a) Residues 98100 encompassing the MPR, and
the TM £gments negatively correlate with residagshe beginning of the Xerminal region
(residues 3@0) (b) The Gterminus (encompassing ~residues-40Q) is negatively correlated
to the helices and unstructured loops near the beginning oftherihal rgion (residues -R20).

(c) In contrast, the @rminal region is positively correlated with the more flexible helices of the
N-terminus (residues 380). (d) The helices in the Nerminus near the MPR to the beginning of
TM3; TM4 -TM 5; the beginning of TM6 and all of TM7 (residues310; 230290; 356400) are
all positively correlated with the beginning of thet&fminus (residues-10) (e) The Gterminal
region (residues 400872) is negatively dynamically correlated with ThR and Cterminal
segment (residues 9M0)(f) TM7,6,5, ECL2 (residues 25400) positively correlate to the MPR
and TM14 (residues 10@50), which are both stable regions

For instance, the fterminal helices facing the extracellular solvent in thaglex were subjected

to more fluctuations than in comparison to thdekninal cap (residues-20) and the MPR
(residues 94110) that formed stable interactions near the orthosteric pocket. This was also
confirmed by the RMSF analysis described above. RM#fBlE PCA analyses together
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demonstrated the degree of fluctuations in these different sections. As a result, the stable TM
domain of CB exhibited negative dynamic correlations with those of theelninus and the
variable Gterminal regionigure 3.14). In contrast, the Nerminal cap (residues20) mediated
positive dynamic correlations with the TM and MPR regions in.Qlkewise, other positive
dynamic correlations were seen between the highly dynanrténiinal region and the highly

fluctuating helcal region in the Nerminus.

Likewise, the AM251bound complexKigure 3.19, displayedthe most dynamic correlations

between the more variable extracellular/intracellular regions with the highly stable TM helices.
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Figure 3.15: Crosscorrelation plot for AM251. (a) The stabilizing MPRTM5 (residues 100
290; 350472) are mostly eliciting negative and neutral correlations with the highly dynamic N
terminus (residues-80). (b) The Gterminal region (residues 401¥2) is mostly having negative
and neutratlynamic correlations with the TM helices: TMM4 and TM5TM7 (encompassing
residues 10@50; 290400)(c) TM7 and TM6 (residues 36000) are having positive and neutral
correlations with TM15(residues 10300)(d) The ICL3 (residues 29840) is mediating positive

and neutral correlations with thetrminus (residues-0).
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Most negative dynamic correlatis were observed between the highly dynamiamdl Gtermini
extremities, and the stabilizing TM region. As theawd G termini contain more unstructured
regions and loops, thus adding to their high instability and flexibility. In contrast, the TM region
is mostly cultivated of helices that form interactions between and within each other, thus aiding in
the adoption of a more stabilized region. In terms of the positive dynamic correlations, these were
specifically observed between the TM helices and MRiIRt¢ch are highly stable regions due to
their roles in liganebinding. Another positive interaction was displayed between the ICL3 and the
N-terminus, which both adopt a high level of flexibility due to their large, unstructured segments.

For the CB systen containing ligand AM6538Higure 3.16, correlations between the highly
dynamic helical and stabilizing unstructured segments within therrNinus, to the rest of the

CB: protein are also apparent, as within the MJ15 complex.
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Figure 3.16:Cross-correlation plot for AM6538. (a) TM 4 and 5, in addition to TM 6 (residues
200-320;345350, respectively) are mediating positive and neutral dynamic correlations with the
beginning of the Nerminus which is much more stabilized (residuesO}l(b) TM1, 2 and
beginning of TM3 as well as the beginning of TM6 and TM7 (residue€8(B60400) are having
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positive and neutral dynamic correlations with the unstructured loop region near the beginning of
the Niterminus(residues 2B80). (c) The flexible Gterminus (encompassing residues 42(2) is
having positive and neutral correlations with the highly dynamic helical loops in-teeriihus
(residues 4®0). (d) TM1-4 and the ECL2 (residues 12@0) are having positive and neutral
dynamic correlations withCL3 and TM67 (residues 30350;360400, respectivelyje) TM6
(residues 34@70) and the @erminus (residues 424072) are having a slightly positive and neutral
fluctuating dynamic correlation with each othgy.TM5 and ECL2 (residues 268D0), as wel as

the end of TMITM4 (residues 13@60) are mediating positive highly dynamic correlations with
each other(h) ECL1, TM3 and 4 (residues 18®0) with is having positive correlations with
TM5 (residues 274300) (g) The TM segments unstructured region of theteNninus
incorporating and succeeding the MPR, in addition to #8ylithe end of TM6 (residues BDO;
330-420) are mediating negative and neutral correlations with #eerinus (residues 490). (k)

The Gterminus (residues 42072) is having mostly negative correlations with the TM segment
1-5 and TM7 (residues 12840;370400).

Given this connection, the stabilizing TM segments are positively correlated with each other, and
with the low fluctuating Nlermiral cap. Both the level of dynamics between the TM segments
and the Nterminal cap are within similar degrees of fluctuations, which is also visible in the RMSF
plot (Figure 3.6). Other positive dynamic correlations were observed between ttamdNC

termin, which are both experiencing a level of high fluctuations, as visualized in the backbone of
the protein for eigenvalue ranks 1 to 3. In contrast, the highly dynamic helices in¢h@iNus

and helix 9 in the @erminus were experiencing a negative dyitacorrelation with most of the

stabilized TM helices.

Overall, our results highlight the dynamics between the TM regions and the axtrantra
cellular segments, as well as the dynamics within different areas in-thermihus, such as the
unstructuwed region and helices in thetBrminus to the rest of the CBeceptor. These results also
show how the Nerminal cap, the MPR and the TM segments, which all mediate a high degree of
stability and are positioned within proximity to the binding pockety wontribute to the stability

and binding affinity of the ligand. These results give a deeper insight into the level and types of

dynamics adopted in the system.
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3.4 Discussion

The rationale for this study was inspirbthe CB6s cr yst al bogbdaplhlwioc kst P
code: 5U09) by Shaet al,''° In the literature, Shao and-emrkers'® acknowledged how the

lack of clear density and model ambiguity for thaexminal domain in the AMB3 8 6 s bound
structure may limit the utility of the crystal structure to predict the binding modes of other ligands.
Through carrying out proteiligand docking with taranabant, a CBwerse agonist, it was

revealed by Shao and colleagti€that arm1 and arm2ljlorophenyl and cyanophenyl groups) in
taranabant were swapped, relative to their experiatly determined binding positions,
highlighting the importance of including thetBrminal domain and MPR in docking predictions.

In addition, previous experiment#l and computation&l® studies, have highlighted the
importance of MPR in allosteric binding, specifically for the allosteric bindih@BD. These

studies together insishthe importance of accountirigr the effects of Nand G terminal regions

on ligand binding to the orthosteric site of CBlevertheless, the complete structure of human

CB:1 has not been reported either through any experiments or computational modelling methods.
This motivated us to pursue this research, where we attempted to address the existing knowledge

gap.

In this study, we built the complete atomistic model of thetimaied CB receptor, by using a
crystallographic structure of an inactive TM domain of human (BBGZ) as a building block.

We separately modelled thethrminal and @erminal domais of CB; and affixed them to the
existing TM structure to construct araprehensive model of the receptor. Using this model, we
assessed the binding interactions of three different inverse agonists, AM251, AM6538 and MJ15,
to the CB receptor.

Our results from the analyses of the dynamical relationships of the inactigaggdar under the

influence of the Nlerminus revealed that the-tdrminus radiates different degrees of stability,
basedontheM er mi nal regionds proximity t deminale ort h
cap and the MPR were observed mediatmgractions with the TM, the extracellular regions, and

the ligand, thus all adding to its stability. In addition, the MPR was seen forming a plug into the
orthosteric pocket, while the -iérminal cap was observed to orient itself over the pocket,
potentidly further aiding in the process of solvent exclusion from the binding domain. In contrast,

the Nterminal helical segments, orientated towards the extracellular solvent, were observed to
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experiencehe greatestumber of dynamics. Despite the presendg-ofe r mi nal hel i ces 6

region, their lack of stable interactions near the TM region and orthosteric pocket contributed to
their high dynamicsOur results on the dynamics of the receptor, give further insigtdghe
various fluctuation withinhe N-terminal domain, as well as how its presence aids in the process

of ligand binding and potential solvent exclusion from the orthosteric site.

To assess the accuracy and efficiency of our model, birfdeegenergy calculations were
conducted for eagbroteintligand complex. We achieved a good agreement between our predicted
binding-free energies for the complexes andytlie regpectivein vitro binding data from the
literaturé®®11% This confirmed that or model was able to distinguish between the strong askl we
affinity binders of CB in this study.Assessing the nonbonded interactions between the inverse
agonists and the orthosteric pocket, revealed that therminus plays a role in thieinding
interactions with the ligand, thus potentially contributing to its bindiag energy and stability.
These results may explain the influence that thierhinus may haven the accuracyf the
calculation and ranking of MMPBSA bindiffgee energs. The model from this study can be
implemented in future works to analyze the impacts of theerhinus on the process of
cannabinoiebased binding through the oottteric ligand entry domain, as well as assess the role
of the Nterminus in the bindingotother allosteric modulator©verall, the results from our study
exemplified the importance of modelling thet&minus, and MPR for CADD, and in docking
predictions.Finally, the complete inactivated ¢Btructure from this chapter can be used as a

model system for any future virtual screening and drug discovery campaigns.
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CHAPTER 4

Binding Interaction Interplay Between the Human Cannabinoid Receptor 1
(CB1) and the Human Cannabinoid Interacting Protein 1a (CRIP1a)
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4 1 Introduction

Proteinprotein interactions by accessory molecules are an important means ofréra&ion

in cellular transduction and intracellular trafficking proce$s&ar these reasons, the emergence

of GPCR interacting proteins as important modulators of ligand specificity, lsngpaell surace
expression and trafficking has opened a new avenue in their investitfafisndiscussed in
Chapter 1, the human GCBeceptor has been known to bind different protein partners that regulate
its coupling with specific &roteins.In particular, the @erminal region of CBis an important
interaction site for various proteins includibgrrestinsand CRIP1 (isoforms a and b). Through
these associations, certain regulatory pathways such as desensitization and internalization by
arrestins can be controllédi -arrestins bind to the phosphorylatede@minal tail of the CB
receptor. Upon their association, subsequent recruitment of a clathrin dynamin complex is formed
to promote the endocytosis or internafiaa of the receptor. Outcomes of CBiternalization
increase the organismsé cannabinoid tolerance
cannabis users. Thus novel insights into;@Bcessory proteins may help to uncover certain
mechanisms involveith the regulation of its signi@hg.* In this work, we focused on constructing

the complete atomistic model of the agosistivated human CBand human CRIP1a, while

describing the dynamic interactions between both proteins.

Highly expressed in the central nervous system, CRIP4daceizes with CB in presynaptic
compartments of excitatory glutamatergic and inhibitory GABAergic neurons, where it acts as a
binding partner to the GReceptor’ CRIPlaplays a significant role in proteinafificking and

signal transductioff-*® By interacting with CB1, CRIPlal t er s it s isebtymect i vi t
acti vat i orsubnit throughtthe red@ittion &is and G coupling®. In particular,Gis

and G activation are associated with the commomn @Bonistinduced intracellular signiahg,

such as cAMP inhibition Gachannel inhibition, MAPK activation, and reduction of glutamate

or neurotransmitter releaseo the presynaptic cleff*¢#’In contrastCRIP1a overexpression has
shown to be a@pable of suppressing Gnediated tonic inhibition of Nype voltagegated C&'
channels in superior cervical ganglion neurons, increasing glutamate release@masing CB
stimulated $°S]|GTPS binding to Gin.?%*® Due to CRIP1a sffects on receptemediated
signdling transduction, efficacy, and neurotransmitter release, withingheus syster@RIP1a

has been sought to be a potential novel therapeutic target to control neuropathic diseases, illnesses,
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and symptonf¥, as well adreating disorders such as chronic pain, obespylepsy as well as

psychological disorders.

Composedof 164 amino acids that form a -1@ntiparallel stranded-barrel with an interior
hydrophobic core, CRIP1a encompasses a multitude of loops present at the bottom of the protein
with a short helical cap on the top to exclude solv&B e t wesetnr abB d a ALl a dap

exists which is held together by a hydrogemding interaction between Trpl121 and Tyr145 in
addition to a hydrogen bonding network that includes Thr119 and Glu161 and water mafécules.
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i I .
Hydrogen bonding network

Figure 4.1: Structure composition of the human CRIP1a structure(a) Visualization of its 10
b sheet s aand@Gtermihal laps, whithsid td exclude solvent from the hydrophobic
core of the protein(b) The hydrogen bondingnetwoikp r e s ent bet ween b sheet

helpsto exclude solvent and maamh the structure of the protein.
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CRIP1a selectively binds to the last ningéeg@minal residues for GBBlume and colleagué&salso
describedadditional binding sites central to thet€minal, Asp430 and Thr418yhich offers a
competitive factor for the CBCRIP1a interactiorf In contrast, for CRIP1a the minimal binding
domain for effective CRIP1&B; association is through residi84110%*(exons 1 and 2)
Residues 34.10 are common amongst CRIP1a/b and thus are assumed to be more critical for
binding interactiond! Deletionof residues 34 to 110 was shown to remove therhinal and €
terminal loops, thus exposing the hydrophobic interior core to soffé€ktowever, data fronm

vitro studie$®*S suggests that residues-3#0 must be able to achieve stability when bound to
another proteipartner like CB. Maintenance of exons 1 and 2asalso proved to be sufficient in

inhibiting endogenous CBzndocytosis similar to that of the wildtype CRIP{a.

CRIP1a is known to participate in competitive interactions wighrestin proteins to bind to the
distal Gterminus, thus affecting agonistediated internalization of GBthe efficiency of CB
signdling and the receptor surface densfsfin essence, these competitive effects alter the
clathrinr and dynamirdependent internalizatidfiln contrast, a previous study based on affinity
pull-down experiments revealgétdat phosphorylatiorat threoninet68 inthe CB C-terminal
peptides, reduced CB-CRIPla association whiléncreasing CB-b-arrestin interaction¥.
Whereagnutation of the potential phosphorylation sites in the distal GBrminus, as well as
five distal residues with the-@rminus (D466, T467, S468 and A471, L472) that are associated
with internalization, reduced receptor endocytésEhus, competitive binding of CRIP1a to the
critical sites for internalization in GBserves to functionally attenuate agomstdiate-arrestin

recruitment and thereby incregslerance and cellular signallirgdficacy

Currently (June 2022), there are no comprehensive structural models (either from experiments or
through computations) describing the CRIIBy complex. Earlier attempt$41% to
computationally model the GBassociation with CRIP1wvere built using homology template
hematopoietic Rh&DI2 (RhoGDI b or Ly/ D4GDI ) , whi cuencs har es
identity and functional homology with CRIP1a. In addition, Boetlal, *°° highlighted that the
superimposingof the two crystal structures of CRIP1la and F3i0I2 illustratessignificant
dissimilarity between the two proteins (RMSD of 4.6 A over 96 residéfByr these described

reasons, it creates a large degree of uncertainty in the accuracy of the structtres doiolding

results from the studié® In addition to the low sequence identity, these studies did not include
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the entire CB structure, with the activated protein, and failed to subject $lystem to extensive
molecular dynamic simulations for system convergence and relaxation. Computationally, these
structural aspects may play a role in the interatomic pretein interactions between CRIP1a

and CB. In essence, these missing struct@spbects may limit the extracted data from these

computational studies.

Recently, the first mammalian CRIP1a structiii@®DB accession code: 6WSK) was crystallized

at a resolution of 1.55A, lawing for the investigation cimore concrete computational analysis

of CB:-CRIP1a interactionsThe crystallographic rat CRIP1a (rCRIP1a) structure, provides a

more accurate templatEigure 4.2), that shares a 96% sequence identity with the hi@®RiR 1a,

generating a greater certainty in the computational model. In conjunction with a fully built
activated CB structure, ancé complete human CRIP1a model (using homology modelling) we
assessed the intatomic structural interactions between the wadls f i r st mo st conm
reported structure of the human CRIRdB; complex. Finally, we employed MD simulations to

gainadeeper understandirgd their interplay of proteiprotein association and binding.

Human: MGDLPGLVRLSIALRIQPNDGPVFYKVDGQRFGQNRTIKLLTGSSYKVEVKIKPST
Rat: MGDLPGI VRLSTALRIQPNDGPVF FKVDGQRFGQNRTIKLLTGSSYKVEVKIKP TT

Human: LQVE
Rat: LQVE

Human: NISIGGVLVPLELKIKEPDGDRVVYTGIYDTEGVlPTKSGERQPIQITMPFTDIGTFETV
Rat: NISIGGVLVPLELK.KEPDGERVVYTG.YDTEGV lPTKSGERQPIQITMPFTDIGTFETV

Human: WQVKFYNYHKRDHCQWGSPFSVIEYECKPNETRSLMWVNKESFL
Rat: WQVKFYNYHKRDHCQWGSPFSVIEYECKPNETRSLMWVNKESFL

Figure 4.2: Sequence alignment between thbuman and rat CRIP1la protein. Red and
turquoise highlight residues without any and with chertyicaimilar properties, respectively.
Sequence alignment encompasses a 95.73% percent identity.

4.2 Methods:
4.2.1 Model Building

Therepresentative crystallographic structure of the activer€8eptor (accession code: 5XRS
resolution 2.95 A) was selected from the Protein Data Bank (PDB) dat&basitially, the
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protein was prepared by the addition of hydrogen atoms, the deletitavadoxin stabilizing

protein, and the subsequent reconstruction of any missing loops and atom backbones, utilizing the
software package UCSF Chimera version ¥31Methods 6the construction fothe N- and G
termini can be s e eAgonist Bindidd latgractmns arRl Dyndmicrinteplays e
with the Complete Human Cannabinoid Receptor 1;JC& this thesis.

For building the CRIP1a structure, the recently published crystallogr@ptiila (PDB accession
code:6WSK®S, resolution 1.55 A) structure obtained from the PDB database and was used as a
temphlte for homology modelling of the complete human CRIP1a protein in the online server
Robetta®’.

4.2.2 Physiological Systeretup and Ligand Preparation

The Membrane Builder in CHARMMSUI*® was used for modelling the physiological
environment of the CBreceptor and the CRIP1a protelfor membrane embedding of ¢Bve
initially determined the position of its TM domain using the PPerver and the orientations of
proteins and membras (OPMJj® database. The membrane was built usingpalnitoy}2-
oleoytsnglycero3-phosphocholine (POPGipid bilayer. Since the CRIP1la is not an integral
protein, there was no membraembedding procedure for this protein. CRIP1a and membrane
bound CB were solvated with TIP3P water molecul@he solvated systems were neutralized
usinga0.15 Mconcentration of Naand Clions. The total system sizes of C#hd CRIP1a were
~100A x 100A x 160A. For the GBeceptor, we extracted the agonist ligand (AM841) that was
co-crystallized in the template TM model (PDB accession code: 5¥R@&hich was used to build

the complete structure of activated CB1 in this work. The parameter and topology files of the
ligand (AM841) were prepared in CHARMIB Ul 6 s PDB reader modul e.

4.2.3 Molecular Dynamic Simulations and Analysis

Al classical MD simulations we performed using the AMBERY8 MD simulation software in
conjunction with CHARMM36M?®® forcefields for all atoms within the system. Each system was
minimized under 2,500 steps of steepest descent minimization, followed by 2,500 steps of
conjugate gradient minimizatiolConstantvolume periodic boundary conditions, in addition to
harmonic restraints (250 kcal/mol) were applied to the systaeheating step was applied to the

isolated CRIP1a protein, in which the system was gradually h&atedOK to 310K. To avoid
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substantialfluctuations in the solute, a 25 kcal/mol restraint was applied to the system.
Equilibration was carried out for a total of 7 ns under a conptassure periodiNPT) ensemble

with additional added positional (10 kcal/mol to 0 kcal/mol) and harmortianets (100kcal/mol

to 0 kcal/mol). The temperature was maintained at 310K using Langevin dynamics with a collision
frequencypsy Bh¢ poduttionlrun® for the isolated CBeceptor had a slight (0.1
kcal/mol) positional restraint on the backigoatoms within the TM segment for the first 50 ns.
After 50ns, the CBsystem was run restraifree, whereathe entire production run for the isolated
CRIP1a protein was run without restraints. Isolated proteins were subjected to a total of 250 ns of
production runs, while final complexes were run for a total of 100 ns. The parn#dh Ewald
(PME) method was applied for lofignge electrostatic interactions. Sh@mged nofbonded van

der Waals interactions had a distance cut off 10 A, with a do@se switching set to 10A. The
SHAKE algorithm was employed to constrain the bond lengths of hydrogen atoms.

4.2.4 RootMean Square Fluctuations and RooiMean Square Deviation

RMSD is a commonly used method t o cDonmeasarese oOr
the distance or dissimilarity between molecular conformations at one reference state. The
trajectory conformations are used to measure the dissimilarity of the trajectory to the reference.
Therefore, thefewer fluctuations experienced in the wtture correlate to a higher degree of

similarity between the trajectorial ensemble to the reference structure, and therefore stability in the

system. The positiorx) of the atomi( in the structure, is calculated asdmmedhroughouthe

trajectory between the coordinate arrayandew , exemplified in the equatiod (1) below %

; 4.1
YO Y@ y ®» o
YO "YGho a Qep Yo <4 2
0] =
Yo 0

Wheren/N s the total number of positions or frames. As atoms displace from their original position,
the structure atomis translated by a vector t and rotated by a m&tix align with the reference
atom (usually at frame O or the first frame), so that theSRMan be minimized (as depicted by

Equation 4.2. When analyzing the RMSD of proteins, typically not all the coordinates in the
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structure are used in the analysis, and instead only the backbone atoms are measured. Similarly,
RMSF measures the residuesaiprotein that contribute to its motion. However, unlike RMSD
which calcul ates the difference Iin position be
calculates the individual residue flexibility (or how much it moved) during the simulation.
Therefore, residues that have more dynamics throughout the trajectory will have higher RMSF

values and vice versa.

The RMSD and RMSF for isolated €Bnd CRIP1la structures, as well as for tha-CRIPla

complexes were calculated using the backboneatomsCU, N and O at oms of t
and RMSF values were calculated to assess the
within the protein experiencing a high amount of dynamics, respectively. RMSF can also generate
further biomolecular anstructural details about the protein within its environment, helping in the
understanding of its nature and function. All trajectories weraligaed to the center and fit the

first conformational frame as a reference structure, utilizing the CPPT@iom AMBER1843

package
4.2.5 Unsupervised Machine LearningBased Clustering

The K-means algorithm was carried out using @RPTRAJ*? tool from the AMBER18%

package which was used to cluster the last 100 ns of the CRIPla arsg<i#ns, due to their
achieved convergence and stability within the region. To find rtfust optimal cluster
hyperparameter, the algorithm was run clustering the data baged BMID of the backbone,

for 99 clusters, starting at a cluster size of 2. The cluster with the lowest DBI score, a relatively
high pSF value, and reached a plateau on the SSR/SST line was chosen to be the most optimal

cluster size. For more information on thent€ans clustering algorithm please see Chapter 3.
4.2.6Protein-Protein Docking

The dominant conformations of ¢Bnd CRIP1a identified from clustering were used to perform
proteinprotein docking calculations using HADDOER ., Clustered complexes were first
modified by removing solvent and extra lipid molecules from the PDB files, before submission to
HaddocR™™. To assess the validity of oureglicted docking results for CRIP1a, we submitted two

docking protocols. These protocols were terrheduided docking an approach where certain
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active interacting residues of CRIP1a from the literature knowledge were used to guide the

docking; and?) blind docking, where no restraints on CRIP1la were used.

For guided docking, the CRIP1a was submitted with a docking region encompassing residues 34
110, while the additional surrounding area was coined as passive residues. In termstbé CB
minimal binding region, being that of the last St€minal amino acids (residues 4642) were

labelled as active (or docking) residues, with the surrounding residues being labelled as passive.

For the blind dockings, the last 9 amino acids (residuesi4@) were ao set to be the docking
region within the CBreceptor, while the entire CRIP1a protein (residudé$4) was labelled as
active (or docking) residues. In the case of the blind docking protocol, the entire CRIP1a protein
(residues 4164) was docked to tHast 9 Gterminal amino acids of the GBeceptor (residues
464472). This procedure provides an opportunity to sample the interactiadhe Gfterminal

chain of CB with any of the surface regisrf CRIP1a and not just the residuesi3D as in
guided docking. The Haddock score was modified where 10% of the restraint energy was
subtracted from the Haddock total. This was carriecbeatusehe high restraint energy value

was affecting the viabily of the Haddock score. Each complex from the Haddock docking results
wasranked based oits modified Haddock score (a.u). Complexes were visually inspected to see
their alignment with the membrane. Complexes that were going into the membrane weik omitte
CRIP1aCB; complexes were subjected to the same MD protocol as the isolatede&tor,

with the exception thahe entire production run for the CRIRPC®; complex was run restraint

free.
4.2.7 BindingFree Energy Calculations

Molecular Mechanics Gemalized Born Surface Area (MIBBSA)'’2 method was used to
examine, and rank the bindifigge energies employed within each complex. It was also used to
generate energy decomposition plots, so that thergséue binding affinity contributions,
involved in the formation of the complex, could AssessedMMPBSA and MMGBSA provide

an alternate method to predict the binding energy of molecules. These methods introduce a
compromise in accuracy and speed by lowering the computational costs, when compared to the
highly accurate but computationally xmgensive free energy perturbation (FEP)
methods:*Evidently MMPBSA and MMGBSA outperform, the fast but less accurate erapiri

scoring functions implemented in docking prografff§hus, these bindinfree energies help to
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discriminate the distincenergy profiles of the ligands and to understand the binding mode
interactions between that of CRIP1la and:CBIM-P(G)BSA are widely used for capturing
electrostatic energies and forces in implicit solvent modetfingor our system, the last 40ns of
the MD trajectory wre used for the final CRIP1&B: complex, equating to a total of 4000
extracted snapshots. Thending free energy of each complex is computed by the following
equation:

YO "0 "0 "0
O RO RO represent the free energy of the :GBRIP1a complex, the isolated
CB: receptor and CRIP1a protein tine solvent, respectively. The binding free eneryfy0( )

contains the gaphase binding free energy"0© ) as well as the solvation free energy of the

complexY'O relative to that of CBand CRIP1a.
yo yO yo
The gasphase binding free energ¥’© ) can be divided into the averaged €BRIP1a

interactions, which include the potential energy or molecular mechanics enerd® termand

the contribution of entropy ("W"Y
yo © yo VY
‘O can be further composed into three terms, whichlgran aggregate of electrostatio (),
2) van der WaalsO ), and3) internal energyO
O O (]
0O 0O 0O O andO O O ©

While the solvation energy’O is composed of two terms:

yo Yoy YO

'O [ YO YD

YO 7 is the polar solvation freenergy contribution calculated by solving the nonlinear Peison

Boltzmann (PB) and GB equation{é}.y"0 is the nonpolar solvation free engy, which is
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estimated using the solveatcessible surface area (SA) term. The values for the solute embedded
in a membrane (interior dielectric constant) and solvent (external dielectric constant) dielectric

constants wreset to 1.0 and 80 for MMGBSALhe nonpolar solvation free energy tein

was estimated by the solvestcessible surface area, using a water probe radius Af 4.0

A previous study conducted by Heual ,***demonstrated thaéhe MM -GBSA approach was able

to provide accurate relative binding free energies of the biological systems that atg usual
sufficient to discern the strorgjfinity complexes from the weakffinity ones. Thus, when
considering computational efficiency, MMGBSA can serve as a powerful tool for ranking the
complexes in this work. Al MMGBSA calculations were run using AMBER21ising the
mmpbsa.py’? script.

4.2.8 Principal Component Analysis and Cros€orrelation Plots

Principal @mponent analysis (PCA) is a statistical method that is efficient in reducing the
dimensionality of a complex system while extracting essential information from the principal
modes of sampled motidf®14° PCA analyzes the relationship between different sampled
conformations durig the trajectory while describing the maximal variamcéhe distribution of

the structure$>%#8 The variance of the atomic positional fluctuations captured in each dimension
are characterized by their corresponding eigenvalue. UsuallydiBiensions are fficient to

capture over 70% of the total variance within a given MD trajec¢f8r\When calculating the PCA

of biomolecules, utilization of dihedral angles or atomi c o o r d i rcabore atomgjso r U
sufficient to capture the dymics*® In the PCA and crossorrelation analysis, the x, y and z
Cartesian cordinates of the @ at oms were used for th&Alraject
PCA and crossorrelation plots were conducted using the 3i8° package in R and were

throughoutover the course dhelast 100ns.
4.2 .9Electrostatic Interactions

We employed electrostatic potential maps as a toointterstand the charge complementarity
between CBand CRIP1la in each of the complexes. Electrostatic maps help in identifying the
most likely complex model that shares both shape and electrostatic complementarities, which are
important factors in drivingnolecular recognition. The electrostatic maps of the CR{EBa

complexes were generated using PyM&L CRIP1aCB; complexes from proteiprotein
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docking were aligned to every representative structure generated fromntigané clustering

output for both CRIP1a and GBsolated pratins. The isolated CRIP1a and ORpresentative
structure with the lowest RMSD fit to the CRIPC8: complex were used as a etzeone residue
comparison between structures. APBS Electrostafiad PDB2PQR*methods in PyMOL \as

used to generate the electrostatic maps of the two proteins that were sampled at the beginning and

the end of classical MD simulations.

4.3 Results

4.3.1 Generation of Physiological CBand CRIP1a Models
4.3.1.1 Cannabinoid Receptor 1

Although the 3D stctures of CB were resolved using experimental techniques, the available
structures are incomplete as they do not describe the antich extracellular loops (e.g., the
functionally important ICL3 loop) and their-ldnd Gterminal segments. As a resue employed

a combination of loop building, and threadibgsed methods to construct the complete human
CB1 model in its agonisbound activated state. Preparation of the missing loops, particularly the
ICL3 from the CB crystallographic structure (PDB accession code:5%R8wvas built using the
Modeller9v8 Python script in the software package UCSF Chimera versiolt®1tb4use the
program Modeller (v10.1¥°. The module generated a total of five different ICL3 conformations,
andthe one with the lowest discrete optimized protein energy (DOPE) score was selected. DOPE,
a pairwise atomistic statistical potential, iztihg energy comparison between models, is designed
to select the best structure from a collection of motiéShe lower the DOPE score, the better
the model. On the other hand, the protein extremities, including trendl G termini, were

modelled using homology and threading techniques from the online $&M&SER3,
4.3.1.2Cannabinoid receptor Interacting Protein 1a

To assess the productivity of the recemtiyblished crystallographic rat CRIP1a structure (PDB
accession code: 6WS#), as a template in homology modelling for the human CRIP1a protein,

the crystallographic structureds sequence was
using the online server BLAST. Results from BLAST identified a ~96% sequence idetitgen

both mammalian CRIPla proteins, ensuring a productive templétieing the online server

Robetta®’, the CRIP1a PDB code (6WSkyas given as a reference structure for building the
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complete 3D computational model of the human CRIPla prdReibetta generated 5 different
models, each with varying RMSD scoraadthe model with the overall lowest RMSD value was
chosen as the bedtucture. The chosen 3D atomistic model was run through various structural
quality check programs such as ERR&Tverify3D'%3 PROCHECK’®, and WHATCHECK'’

to assess the stereochemical quality and validity of the model. For definitions of ERRAT and
Verify3D please see Chapter 3 of this thesis. In terms of the quality assessment program
PROCHECK, it analyzes the stereochemical quality of a protein structure by investigating the
residue and overall structureds geometry whic
from PROCHECK deemed our protein to be of good quality excepnfgrthree residues (Lys76,
Ser75, Lys26) which were present within the loops regions and not within the PDB crystal structure,
adding to their low assessment score. Likewise, WHATCHECK assesses the stereochemical
properties of the structure. Results gated from this program highlighted two errors (1) average
B-factor error,and (2) the backbone conformation in comparison with other database proteins
showed that the backbone fold in the structure was unusual. Since our model was in the early
stages, these unfavourable atomic positions were able to be minimized throughout classical MD
simulation steps such as minimization, equilibration, and production. By conducting these steps,
it ensures structure optimization at a later point. Regardiegyuhlity check programs ERRAT

and VERIFY3D, they gave scores of 83.66% and 92.07%, respectively. Overall, the high scores

achieved from each program helped in validating our model.
4.3.2RMSD and RMSF: CB:Receptor CRIP1a

To analyze the dynamics of eaclofgin, and optimize the models, each isolated protein, CRIP1a
and CB, were embedded in their physiological environments using the CHARBNA® online

server andvere run for a total of 250n&igure 4.1andFigure 4.2 of classical MD production

runs. Throughout the trajectory, both systems had reached stability after ~150 ns, allowing for the
last 100ns to be taken for further structural analysis. To analyzButteations between the
residues, the RMSF was calculated for all residues within the isolated CRIP1a amdbdzhs.

The RMSF results of CBhad accurately aligned with previous computational sttffi&S where

the N, C- termini, as well as the ICL3exhibited the highest amount of dynamicity, out of other
regions. The higher number of dynamics adopted by the extremities can be attribtiied to
disordeed (or loop) regionsThe lack of secondary structures within these regions allows for the
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segments to adopt more conformations addingesegmeris flexibility. Moreover, since these
regions face the solvent, it also increases the number of s@ikaetn inteéactions, which often

can be shoslived, thus further increasing the variability in these regions. It has been previously
postulated that ICL3 high dynamicity allows it to interact with other intracellular regions in the
CBs receptor, as well as poterjahaving a role in CRIP1a bindin. Other noteworthy
fluctuations are the ECL2, as wellaghsequent loops that connect the TM helices (ICL1, ECL1,
ICL2, ECL3), in which many of these ECL regions partake in ligand bindhg°The ECL2, in
particular is the largest ECL in the receptor, and thus like ICL3, it, too, experiences more dynami
due to its large nature. Likewise, CRIP1a shares a similar narrative, where its structured regions
experiencdewerf | uct uati ons in comparison to it-s |l oop
sheets maintained more stability, in comparison to thedised regions or segments surrounding

the loop, such as the-tdrminal cap, which were more dynamic. On the other hand, the increased
stabil ity -pheassanrbe attiibuted totemsuribg that the core of the protein remains
hydrophobic, in adition to the hydrogen bonding network present within the protein, which adds

to its stability and structural formatidff
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Figure 4.3: RMSD graphs of isolated CRIPla and human CB receptor, with their
corresponding protein structures Each system was run for 250 ns of classical MD, to which the
last 100 ns were used for subsequent trajectorial analysis, due to the achieved stability in both
systems. Both trajectories for ti@) human CB receptor andb) CRIP1a protein maintain an

overall high degree of stability.
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Figure 4.4: RMSF plot of isolated human CB (PDB: 5XR8) and CRIPla protein (a)
Crystallographic CB (PDB accession code: 5XR8), with ligand AM841 (magenta). 57.5
indicate areas of high fluctuation, which are evident in@ie (red), Gterminus (blue), and N
terminus (olive). Lower areas of high fluctuation correspond to the ECLs and (lgjLisuman
CRIP1a structure (based on PDB accession code: 6WSK). Areas of high pink fluctuatioAs (>2.5
higher areas of fluctuatignregions that become before the areas of high fluctuation (<2.5) yellow
and areas of low fluctuation blue fluctuation are visualizétiim their corresponding colours.
Most dynamic areas contain most of the loops and conndtiispeets, while more stabilized

regions are théi sheets (visualized in brown).

4.3.3 K-Means Trajectorial Clustering Algorithm

Due to various structural camimations adopted throughout the classical MD trajectory, analysis

and generation of the most dominant conformations were necessary, while eliminating noise or

82



less prominent conformations. We employkedK-Means algorithm to perform cluster analyses

of MD trajectories of both CB1 and CRIP1a. Due to the high degree of stability that was achieved
within the last 100 ns of both CRIP1a and:CiBe trajectorial consensus region of Z8Dns was

used in the generation of the clustering diigyre 4.3).

Throughoutgenerating 99 clusteby utilizing 99 hyperparameters with a stepwise index of 1 from

an initial cluster size of 2, the best clusters were picked based on a low DBI and a plateau
SSR/SST(R value. Based on the criteriorkigure 4.5) cluster 20 was to be the most optimal
cluster for out generated data for £ Bue to its low DBI (1.359083) score, and the plateauing of
the R value (0.853807), as well as the associated high psF value (301.542676).
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Figure 4.5: Results of CB K-means ¢ustering. Graphical and stistical results for the Kneans
clustering of the last 100ns of the 250ns trajectory. Hyperparameters{t6th\&ere chosen for

the algorithm. Cluster 20 was deemed the most optimal cluster based on its DBl and SSR/SST
score.(a) DBl and SSR/SST grapti) psF graphs values, cluster 20 is marked on both graphs
(black dot)(c) visudization of the 20 structures from cluster size 20, with inc@&pd statstical

information corresponding to cluster 20.
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The majority of the franes incorporated in cluster O (the best cluster) were chosen fré&rb 0
(400550 frames or 19@20nsfrom the total trajectory) from the last 100ns of the trajectory,

outlining their similarities in conformations of the protein during that timestamp.

In terms of CRIP1a,Rigure 4.6) a cluster size of 32 was picked, largely due to the plateauing of
the R value (0.452620), and the sloping of the DBI value (1.914726) as well as the large pSF
score (25.846756).
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Figure 4.6: Results of CRIP1a kmeansclustering. Graphical and statical results for the K

means clustering for the last 100 ns of the 250 ns trajectory. Hyperparametersio@nware

chosen for the algorithm. Cluster 32 was deemed the most optimal cluster based on its DBI and
SSR/SST sae. (a) DBl and SSR/SST grapl) psF graphs values, cluster 32 is marked on both
graphs(c) visudization of the 32 structures from cluster size 32, with inc@tpd statstical
information corresponding to cluster 32.

Despite the Rvalue generating law confidence level, we believe this to be because of the more
randomized fluctuationg-(gure 4.3 within the unstructured regions within the protein, producing
more noise than comparison to the stabilized.(Be consideration of our coff of 100 K-

clusters was to avoid a large dataset of protein conformations, thus cluster 32 was deemed as the
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best cluster for CRIP1a, which is also evident by the variation of incorporated frames seen in

Figure 4.7. The best representative cluster (cluster 0), is encompassed withiniBa83®r 3000

7800 frame region, where the CRIP1a protein geometric distance conformations adopted during

these ns were more similar to each other.
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Figure 4.7: Frames or simulation time that encompass the representative cluster number

The last 100 ns of the 250 ns trajectory was used for thme#ns cluster analysis. Visualization
results for the hyperparamet@0 and 32 are depicted f@) isolated CB and(b) isolated CRIP1a,
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respectively. Cluster number 0 makgp the best representative clusters and encoeptss

greatest number of consecutive frames.
4.3.4Protein-Protein Docking

The dominant conformations of agoriiund human CB (20 structures) and CRIPla (32
structurey from the MD simulation were employed to perform profeiatein docking
calculations using the HADDOCHK! server. Our blind docking protocol was defined by docking

the entire CRIP1a protein (residued 54) t o the | ast 9 -tamnaltad. aci ds
In contrast, our guided docking was basedpceviousin vitro data, in addition to the results
produced from computational servers that predict residues participating in gooie2m
interactions. Regarding the experimentally determined region, it was determined fliomitie

deletion studie8*® (residues 34.10 in CRIP1a) to be the minimal distance for CRIER
association. The predictions from the computational servers indreasedocking region from
residues 34110 to 34138 (in CRIP1a), which was then docked to the last 9 amino acidsiin CB

The results from HaddocH éble 4.1andFigure 4.8 ended up generating a total of 41 clusters,

in which a cuoff of -60a.u was appleé to both the blind docking and restricted dockings
complexes. 1 complex was discarded as the CRIP1a in this model was penetrating the membrane
region thus causing steric hindrance. Therefore, a total of 11 structures from the blind docking (6
structures)and the guided docking (5 structures) were selected for furtherdfiilement and

rescoring based on their bindifrge energies.
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Figure 4.8: Haddock results of CRIP1aCB: blind and guided docking protocol generated
complexes Our cutoff was established to b&0 a.u. (or values that were above the 75% percentile
from the highest ranked complex). Complexes that adhered to tioéf eutre used for further

analysis.

Table 4.1:Blind and Guided docking complexes and their associated haddock scores.

Complex Protocol: Haddock score (a.u.)
Guided Docking (G)/
Blind docking (B)

150 G -62.765
86 G -63.984
116 G -61.242
137 G -62.356
175 G -60.567
31 B -60.03

189 B -65.363
191 B -71.111
162 B -83.888
52 B -81.934
53 B -80.538

Classical MD for Top Complexes

Since docking was performed without the membrane environment, we rescored the top 11
complexes from proteiprotein docking using MBimulations in their respective lipid
based environments. To do this, each of the agboishd CB-CRIP1a complexes (i.e.,
CB1JAM841]-CRIP1la complexes), were embedded in their physiological environments:
the TM segment of CBwas submerged into the POP@id bilayer. Each system was
solvated with TIP3P water molecules and in a 0.15M concentration of NaCl. The solvated
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systems were subjected to a 30 ns long MD simulation each, to which the stability of the
backbone (RMSD) was assessEij(re 4.9.
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Figure 4.9: RMSD graphs of CRIP1aCBi1 complexes RMSD graphs of 30 ns of
classical MD for(a) blind and(b) guided docking complexes. The inability of complex
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150 (guided docking protocol) is evident in the lack of stability incorporated in its RMSD
plot.

4.35 Binding-free Energy Calculations and Extended MD

Out of 11 complexes, we noted that 10 of them remained intact and exhibited stable behaviour.
However, one of the complexes (complex 150) fell apart suggesting its weak interactions. Thus,
thiscomplex was dropped from further analyses. The binding affinities of the rest of the 10-agonist
bound CB:CRIPla complexes were computed using the -@BISA method. To assess the
reproducibilityof the binding free energies, we computed the free energiesnyling snapshots

at different timepoints from MD simulation such as the last 5 ns, 7.5 ns,10 ns and 15 ns from the
30 ns trajectories. The comparison of the MBBSA scores of all the 10 complexes at different
timepoints of MD trajectories iRigure 4.10demonstrated that two complexes, Complex 116 from

guided docking and complex 191 from blind docking, were consistently ranked in the top.
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Figure 4.10: MMGBSA binding-free energy calculations for the blind(B) and guided(G)
docking complexes Each systenwas run for various intervals from the 30ns classical MD

trajectory. The best complex was guided docking complex G_116.

Since there was a smal/l energy gap (&G = 3.

subjected both systens an extended 70 ns long MD simulation each tas®ess their stability
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and binding free energie§igure 4.11). As seen inFigure 4.113 the lackbone RMSD of
complex 116 exhibited a better stable behaviour than that of complex 191. This is consistent with
their binding free energies computed from the last 40 ns of their extended MD trajectories.
Complex 116 exhibited binding free energy-48.2 kcal/mol, which is much better than that of
compl ex 1-2884k¢ake®dl). Fhus, the free energy gap between the two complexes
became larger from the extended MD simulation, resulting in complekdih@favoured over

the other model. Thus, complét6 was selected as the best model to describe the human CB

CRIP1a complex interactions.
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Figure 4.11: RMSD graphs and binding free energy recalculations for blind and restricted
docking complexes (a) RMSD graphs for the extended trajectory for complex 116(guided
docking protocol) and complex 191(blind docking protoc@), Final MMGBSA bindingfree

energy calculations for the final 40 ns of the 100 ns trajectory. Complex 116 mediates a higher
degreeof stability within its RMSD fluctuations in comparison to complex 191, where it maintains

a lower average (complex 116: 6.88 complex 191: 8.70%) and average deviation values
(complex 116: 0.74; complex 191: 2.2R).

4.3.6 Electrostatic and MMGBSA Deomposition Maps

To understand the nature of interactions betweena®B CRIP1a in complexes 119 and 116, we
assessed the electrostatic complementarity andep&tue contacts between the two proteins in
the two complexes. Results from the electrostatic miaigsie 4.12 showed that complex 116

displayed more complememy regions of high negative and positive interactions. Further analysis
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of the residues in proximity, within complex 116, participating in émable positive and negative
interactions were analyzed. Residues in proximity were Lys47(CRIBIL&B4(CH),
Lys74(CRIP1aGlu634, and Glull8(CRIPla)lys622(CB), Lys619(CB)-Glu60(CRIP1a),
Lys47(CRIP1a)leu636 (CB). In contrast, the blind docking protocol complex 191, mediated less
favourable interactions, where only polar residues Asp63@(@By36(CRIPla) and
Glu615(CB)-Asp28(CRIP1a) were observed to be in proximity. In addition, electrostatic maps
exhibited less complementary polar regions in comparison to guided docking complex 116.
MMGBSA-generated decomposition plots additionally supported the data feoeldbtrostatic
maps, where the number of residues participating in strong interactasmsore abundant in the
guided docking complex 116 than in comparison complex 191. Residues 47(CRR{GR)

and Leu455(CB-GIlu60(CRIP1a) were observed form stiong electrostatic hydrogen bonding
interactions, whereas Thr88(CRIP1au472(CB) and Ala469 (CB), Leu68(CRIP1a)
Lys458(CB), Thrl08(CRIP1la)ys458(CB), were observed to mediate weaker hydrogen bonds
while participating in mainly van der Waals interaos with surrounding residues. Met461(B
Thrl08(CRIP1a) and Lys458(GBGIn106(CRIP1a), Met461(CBLeu68(CRIP1a),471(CH-
Pro70(CRIP1a) and Thr88(CRIP1a) formed mostly-polar interactions. In addition, residues
(Figure 4.13)participating in strongeanteractions between CRIP1a and@Bcomplex 116 \&s

all present within the experimentally predicted minimal binding redigu¢e 4.14 of 34°RP1a
110FRIP12 Despite our docking protocol containing more residues beyond that of 110, the strength
of the interactions beyond the experimentally predicted region were greatly hesgenerated

data closely aligns with previous experimental re&itts® thus giving deeper insights as to why

the CRIP1a region 3410 is important in the binding interactions between @éd CRIP1a.
Opposite results were obtained in complex 1%iene most of the residues participating imst
intracrinteractions were mediated at the extremities, thus agreeing less with experimentally derived
results. Likewise, in CB more residues in complex 116 were participating in stronger protein
protein binding interactions with CRIP1a. More distahtral amino acids such as those in helix 9
were observed forming interactions with CRIP1a. This data supports the previous experimental
findings from Blumeet al,*8, that state thaERIP1a interacts with residues outside of the distal 9
C-terminal amino acids. In contrast, complex 191, had encompBssgedresidues participating

in the proteirprotein interactions, withitheconfines of the lastine C-terminal amino acids, thus

cortributing to its lower bindingree energy.
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Figure 4.12: Electrostatic map of human CRIP1a and CBcomplex interactions The last 9
CB: C-terminal residues are visualized as orange sphé€aggc) depict the electrostatic
interactions in guided docking complex 116, whitB and (e) show electrostatic interactions

between blind docking complex 191.
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Figure 4.13: MMGBSA residue decomposition plot for blind and guided docking
protocols. (a) comdex 191 andb) complex 116, residues participating in van der Waals

and electrostatic interactions between CRIP1a andp@&einprotein interactions.
47,50,52,59,61,62,63,64,65-

Met461 \f
¢ /R 68,69,70,71,72,74,75,82,83,84,85,86,87,88,89,91,94,104

0110 =
a o / / ,106-108,109,110-114-
€] \‘, v /
<€ \ /

Complex 116

(CRIP1a)
3,4,7,8,10,12,14-18,23,25-27,37-39,40,43 45-

) 117,118,120,123,125,130,131,133,139,142,146,149,150,
151,153-155,156,159,161,163

Thed6 / (CBy)
k/‘ 472(636),471(635),469(633),468(632),467(631),461(625
Ser468 /
Alad6d T, ),454(618)

Complex 191

(CRIP1a)
1,2,4,7,9,11,14-18,21-23,25-27,29-34,35,36,37-
39,43,44,47,48,50,51,52,53,56,57,59,62,64,65,68,71,73,
74,75,76,80,82,84,86,88,91,94,96,98,102,103,104,105,1
06-108,114-117,119,120,121,122-
124,129,130,131,137,140,143,145,147,148,150,153,155,
157,158,160,163

(CB)
467(631),468(632),469(633),472(636)

Figure 4.14:Residue interactions in guided (complex 116) and blind (complex 191) docking
Residues participating in strong average interactamesvisualized in red (CB and purple

(CRIP1a). Residues participating in proteiotein binding interactions between CGihd CRIPla

for complex 116 and 191 are written to the left. Bold numberseit) &and yellow region (in

visualization) indicate binding region-34.0 from experimental studi@g®

4.3.7Differences in the isolated protein vs. CRIP1&B1 complex
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To assess the impacts that the profeistein interactions have on the dynamics of each protein,
analysis of PCA, RMSF, and cressrrelation analysis was conducted on complexidX6lation
to the isolated CRIP1a and ¢Bystems.

4.3.7.1Principal Component Analysis

The PCA was analyzed for the isolated:@Bd CRIP1a proteins to compare the influence that the
complex has on their dynamics. In terms of the iSBlated protein, the last 100ns of the trajectory
were analyzed using PCA due to the stapilichieved within this regiorF{gure 4.3). A high

degree of the proportional variandédure 4.15 wasencompassed within the first eigenvalue
(61.8%), which subsequently decreased in the level of significance after the second (9.7%) and
third (6.3%) eignvalues. The first three eigenvalues incorporated a total of 77.8% of the total
proportional variance. Comparing the first, second and third principal component (PC) spaces, the
degree of explored conformatioissvast. To identify the patterns of motionthe CB model, the
projected eigenvectors (onthelC backbone atoms) of the first
most of the maximal variances, were identified. From the ensemble for the first three PCs, we can
see that the level of motion differs from eadhest A common feature is that the (kesidues M1

Q116) and €(residues R400472) termini, as well as the ICL3 (residues K30844) are having

a large degree of fluctuations, where the first eigenvalue is capturing most of the dynamics, the

number of cptured fluctuations decreases as the PCs go on.
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In comparison to CB (Figure 4.16) only a small proportion of dynamics (~16.8%) was captured

by the PC1 in CRIP1&ven the first three eigenvalues cumulatively described only 38.5% of the
variations. Up to 20 PC spaces togetherenable to capture ~80% of variations suggesting the
high dynamics of CRIP1a. In contrast, in the case of @83% ofthe proportional variance was
captured within the first 20 eigenvalues, while the top 3 PCs together described ~80% of variations.
Uponvisual inspection of CRIP1a for PC1, the main dynamic changes in the protein are seen at
the N- and Gtermini, as well as between residues: [181823; Lys26Arg36; Leu73Tyr85;
Thr91-Arg102; Lys148Val158; Metf\teminusprogiterminus Thege areas weseen to havagreat
number of dynamics, where the fluctuations in the protein had gradually decreased throughout
each subsequent PC. In PC2 the main fluctuations were within the same regionVaRa;7
Asp28Gly33; Thr91Gly100; Leu73Val83; Metfteminusprggiterminus \yhergs for PC3 the
dynamic changes were mostly present within the regions: Lysi@4; Thr9:Gly100; Metl"

terminus_Leu4N-terminus

Residue Cross Correlation

Residue No

Residue No

Figure 4.16: Crosscorrelation plot of CB1-CRIP1a complex The got indicated the negative
dynamic and positive interactions between CRIP1a and CBIP1a values come first on the plot

from 100200, whereas CBvalues preceded afterwards from 4D). (@) cor r esponds
r e s i 66°6-¢66°B! and £BL-164°B1 which display negative and neutral dynamic correlations

(b) correspond to the MPR as well as the TM segments (residt®s38°2?) and the beginning
unstructured rterminabragioro (fesid@eB“1-6655Y) Which mediate mainly
negative andeutral correlations between each otljey.encompasses G8 s -ter@inal region
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(residues 436°%-472B%) which has mainly negative correlations with the TM segment (residues
96°B1-426°BY), (d) depicts positive and neutral correlated interactions betwesidues 43¢
63681 and 5¢RIPlaggCRiPlagERiPla) 3(ERIPIawhich are the residues participating in the protein
protein interactionge)incorporates TM segments5{residues 861-346°B%) positive and neutral
dynamic correlation with TM 7 and(@esidues 3261-426°81). Lastly(f) corresponds to TM-3
(residues 147P1-326°BY) positive correlations with that of TM 1(residues §3'6146°8Y).

4.3.7.2CRIP1aCB: complex

The amount of proportional v aonseautive eigemvalyed or e d
(Figure 4.16)was smaller than that of the isolated:@Botein but larger than that of the isolated
CRIP1la system. This can be partially ascribed to the fact that due to the incorporation of two
proteins, there is a greater threlshof exploration with a higher subset of residues than in the
isolated protein systems. However, the presence of the ppotdigin interactions introduces a
stabilizing effect thus decreasing the total variability in the system, then in comparisan to th
highly variable isolated CRIP1a protein. This phenomenon was observed between the proportional
variance in captured dynamics between the first (32.4%), second (21.9%) and third (11.1%)
eigenvalues, equating to a total of 65.4% explored variance withiffirgi three eigenvalues.
There was also an abserafea drastic differencen the number of residual fluctuations captured
between each eigenvalue. Overall, the amount of conformational exploration irf"tR€ 20as

the same as within the isolated £Bystem, (92.1% of total conformational variance),
demonstrating that the complex mediates a moderate degree of dynamic exportability. To get a
better understanding of the types of fluctuations mediated within the pprtd#in association,

the backbone afhe complex was visualized for the first three PCs. The first ranked eigenvalue
captured a lot of the variability in tH¢- and Gtermini regions of CB while capturingfewer
fluctuations in the TM region of the GBeceptor. In contrast, for CRIPla,tkent i r e pr ot e
dynamics were encapsulated, with a heavier focus on the tgrirgiihal) and central regions of

the protein. These large fluctuations in PC1 are seen in residues: Ses@R(CRCeMnuy. 1.
164(CRIP1a); HSD3041le339(CB/°%); Metl-lle105(CBN*™"y  The secondanked
eigenvalue encapsulated most of the fluctuations witterentire CRIP1a protein, with a heavier

emphasis on the bottom {€rminal) and central region of the protein. In terms of, G G
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terminusdé dynamics were mostly captured whil €
ICL3 and Nterminal regions. Specifically, the residues involved in the high dynamiSeat&0
Leud72(CBC®™MNYy-1.164(CRIP1a); HSD30Reu341(CB°“%); amd Metl-Phel102 (CBY

terminty - The 39 ranked PC, mostly captured the dynamics of thadC8- ahd G termini in

addition to the ICL3 and a bit of the entire CRIPla protein as: Védléb472(CB“

terminuy; 1CRIP1a 1 64°R1P1a Arg340-GIn314(CB'°3); Met1-1le96 (CBN'e™nuy,

=\ 17X
'.;::Wt’/.ﬂ;
SAN 1 -
,"‘j&% o Asp3386'3;;f(’\“

L)

Figure 4.17: CRIPla (orange) and CB (forest green) complex formation Visualization of

conserved GPCR activated conformational characteristics. Breaking of the ionic lock between
residues Arg21%#°and Asp3383° (visualized in yellow) and mediatedSTh a p-e di At er act i c
amongst toggle switch residues PheZ6and Trp35648 (visualized in blue).

4.3.7.3CrossCorrelation Plot

Interms of CB6 s d y n a-porrelation plat, t ievealed thelationship between the external
and internal segments with the TM component. In particular, tHeeSidues M1Q116) and €
(residues R400472) terminj as well as the ICL3 (residues K30344), were all negatively
dynamically correlated to the TM segnts of the protein. The segmental extremitiesain G
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termini), as well as the large loop (ICL3yould fluctuate to a high degree, in contrast, the TM
region was observed to encapsulate the most amount of stability over the entire trajectory. These
observations are also in unison with the RMSF plots for.@Bterms of CRIP1a, an absence of
concrete correlations could be drawn from the trajectory, where degrees of motion were more
randomized. The only stabilizing segments in CRIP1a were observed withih e sheett r al
regions, which displayed a more positive dynamic correlation with each other while mediating a
negative dynamic relationship with the more disordered and highly variable loop regions within
the protein.

4.3.7.4CRIP1aCB; Complex CresCorrelation Plot

The crosscorrelation plot for the CRIP1@B: complex shows the stabilizing effects emitted by

the presence of the protgimotein interactions.Particularly, residuess6°%-426°81 (CBy)
corresponding to the stable TM region of GBere displayed to have negative as well as neutral
correlations to most of the highly dynamic residues within the CRIP1a (residties 164°RP13

protein. Other negative and neutral correlations were observed between the highly dynamic
unstructured lops within CB6 s -tefshinus (residue$®-66°BY) and its very stabilized TM
segments (residues98-396°B1). Mostly negative dynamic correlations were present between the
highly variable CBb s -te@inus (residues 4SB-472BY) and TM segment (residue$g*-
426°8Y),

Positive and neutral dynamic correlations expressed within the CRIBla&omplex were
observed to be between thet&@minus (helix 9 and terminal loops) of CBesidues43¢-
47ZBY and the region of CRIP1a that performs in strong intieras with CB (residues 40
80°RIPlagnd 90130°R'P1Y. This observation demonstrates the positive dynamic impact that the
binding interactions induce within the CRIP1a backbone to mediate these interactions. Other
positive and neutral dynamic correlatiomsre observed between TM 6 and 7 (residue$%26
426°8Y) and TM 15 (residues 86°1-346°8%). TM 1 (residues 116-146°BY) was also observed to
elicit mostly positive dynamic correlations with TM52(residues14#1-32681), which are the

TM segments involved in the conformational changes during inactivation and activation as well
as within ligand binding. Specifically, TM6 undergoes an outwards helical rotation to
accommodate @rotein binding, while TM1 and 2 change iméarmation to accommodate the

ligand binding and the size of the orthosteric pocket in the inactivate or activated state. TM3 and
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6 encompass the toggle switch residues E¥ind W356“®whi ch medi at er-act i
shaped in the activated staéed facestacking in the inactivated state), as well as the ionic lock
residues Asp338°and Arg214->°which break upon activatiosperscripts are inditive of the
BallesterosWeinstein numberind®). In addiion, in TM 5 and 7, there the inward movements of
Tyr294-58and 397°3during GPCR activatioht*12517°

4.3.7.5RMSF CRIP1aCB; Complex

In comparison to the isolated CRIP1a and, @iteins Figure 4.18, the CRIP1aCB: complex
maintained a more stabilized ¢Bvhere the Nand G terminal region, TM segments as well as
the ICL3 had noticeable lower degrees of fluctuation, mediating an RMSF ranging frAno~2
11 A less than in the isolated complex. In contrast, theP@RIlin the complex experienced more
fluctuations in the backbone within the residuesl26 surrounding and participating in intra
residue interactions, than in comparison to the isolated prétegnincreased number of dynamics
in the backbone between the residues participating in the ppotin interactions can be
ascribed to the highly dynamic nature of thée@ninal tail. Due tomany disordered regions
present in the @erminal domain, thel causes for the backbone atoms in CRIP1a also become
more flexible to accommodate and mediate interactions with #tegn@nus. This phenomenon
was also observed in the paper by Fagbsl, (2003§% where proteirprotein interactions
induced a higher degree of flexibility in the backbone atomssi@aiof these binding regions,
residues §R'P1a35CRIPlagnd 12£RP12 164 mediated a similar degree of fluctuation or an increased

stabilizing effect in the casd pesidues 2:35.
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Figure 4.18: RMSFstabilizing protein-protein interaction effect in the presence of a protein
complex, and without RMSF comparison between the isolated CRIP1la and€eins (grey),
and the CRIP1a in complex (blue), along with the @Bcomplex (orange).

4.4 Discussion

In this study, we built the first comprehensivedrl ofthe human CB-CRIP1la complex. The
complete model of human GRBras constructed by building the Bind Gterminal domains of the
protein separately usirsghreadingbased approach and stitched them to an activated TM structure
of the protein from PB (5XR8'1Y). The 3D model of CRIP1a was built using the homology
modelling approach by using the recently published crystallographic rat CRIP1a structure (PDB:
6WSK!®9) as a template. The dominant conformations sampled from the MD trajectories of the
two proteins were used to perform rigorous pref@iotein docking and MBased binding free
energy calculations to predict theost likely model ofthe human CB-CRIPla complex. Our
model is in good agreement with the previously repomteditro experimental datd*which
highlighted the regions that promote the;dERIP1a contacts. While previous modelling effts
attempted to understand these profmiotein interactions exist, they were rtipfocused on a
reduced model of the receptor. Particularly, these studies had only used a portiofd of -CBC
terminal tail, and a CRIP1a modeasconstructed based on a ldwmology template. Thus, there
was a need for a comprehensive model to undefstemolecules involved in the recognition
process in the CBCRIPla complex; and this study addressed this gap. By application of a
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combination of computational tools, we present the first comprehensive atomistic model that best

describes the CBCRIPlaassociations and dynamics under physiological conditions.

Our research gives novel insighso how CRIP1a interacts with the activated:@Bmplex. The
results generated from this study can be useful for understanding the competitive binding
interactions betweeb-arrestin and CRIP1a to the distal region ini&B -ter@inus, as well to
design drugs to target CRIP1a. Overall, the data fr@setihesults can be used for futureitro

mutagenesis experiments to study the binding interactions between CRIP1laamchGi& depth.
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CHAPTER 5

General Discussion
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5.1 General Discussion

This dissertation investigated tipeoteinprotein and proteiligand interactions of human GB
protein that modulates its sighal and physiological responses. Understanding the inactivated
state of CB has been of particular interest due to its role in different pathological conditions
including inflammatory conditiorf§ seizure®, and metabolic disordéfs The inactivated state

of the uman CB receptor has proved to be beneficial in reducing some of the pathological and
toxicological side effects that higdffinity binding agonists induce. Instances in reduced
cannabinoidolerancé®!, decreased foemtake®, and increased vasodilatory effects in
cardiovascular disordepatients®, are all beneficial mediated outcomes during the inactivation of
the receptor. Despite the affluence in therapeutic outcomes retrievedhi#anmactivation of the
receptor, limitations in the clinical utility of inactivating molecules have seen their share of
controversy. Unlike the psychedelic adverse effects experienced during the activation of the
receptor, inversagonists mediate a pletfzoof negative outcomes, observed amongst patients in
the RIOclinical trials®® Unwanted and harmful side effects such as decreased gastrointestinal
mobility, theincreased onset of mood disorders such as depression and anxiety, in addition to
suicidal ideation, were some of the reported outcomes from ingestion of the cannabagndiaht
rimonabant*%182Q0utcomes from these trials highlighted the importamicenderstanding the
clinical utility- with the indoctrinated side effedtsSrom the main therapeutical utility. Since the

RIO trials, the ability to syntlsze antagonists on the grounds of safety femained elusive.
Consequently scientists have attempted to understand more about the gdrgpasid
conformations, binding interactions, and their roles in bigsguoldling transduction, throughout
decadesUnearthing more of the mysteries and ungeties of the endocannabinoid system, and

the ligandbinding interactions, were believed to generate more knowledge, so that synthesis of a

safer ligand could be generated.
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Figure 5.1: Construction process of the CBreceptor (a) 5XR8 crystallographic structure
truncation of N and Gtermini (red), and insertion of stabilizing domain (yello@) Complete
structure with built N and G termini as well as ICL3 embedded in the POPC membi@je.
Complete ribbon structure of the ham CB receptor (green) in association with the human

CRIP1a protein (orange)

Another topic of discussion is the outlook other binding targets, other than the traditional
orthosteric pocket. In this regard, over the past couple of decades, reseaavkarsaade efforts

at studying allosteri¢?>'83and proteimprotein associatiod$*¢1% in addition to analyzing their
binding sites and modes of interactitfin$® It is believed that targeting anottsite, other than

the orthosteric pocket, may aid in reducing the toxicological side effects that orthosteric ligands
promote. In effect, other nemaditional binding sites may provide safer targeting options, where
they may offer more specificity for theceptor subtypes in comparison to tlee-discriminatory

cannabinergic ligands. It has been reported that orthosteric cannabinoids not only bindno CB
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