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ABSTRACT

G-protein coupled receptors are encoded over 700 genes in human genome. They share a
common seven transmembrane domain and differing intracellular and extracellular loops. As
transmembrane domains, they function as gate-keepers of intercommunication of cells. Thus,
their functioning mechanisms are one of most unique ongoing research area. In this study after
the introduction of GPCR families, human B2-adrenergic receptor and endogenous ligand
epinephrine are investigated. First of all, usually omitted part of B2-Ar intracellular loop 3 and
its unbinding energy from inactive to the active state is estimated. Secondly,
intracommunications between residues are investigated via correlation matrices.

In allostery analysis two trajectories of 2-Ar embedded in lipid membrane are anaylzed. One
of the trajectories is gathered from 1 ps molecular dynamics simulation and second trajectory
is gathered from 500 ns molecular dynamics simulation where the ligand binding pocket is
restrained to 8 A in order to mimic ligand binding.

Specifically for B2Ar, experimental measurements show that the distance range of 8A - 10A
between Asp113 and Ser207 is sufficient for receptor activation.

In 1 ps simulation, it is observed that ICL1 (residues 64 to 66) is in communication with
intracellular end of TM6 (Cys265, Lys267). Thr66 of ICL1 is important in protein stabilization
in lipid membrane and functions through Tyr123 (TM3) and lle154 (TM4). Trp99 of ECL1 is
correlated to ECL2 (Cys191) and membrane region of TM5 (lle 214). Phel01 of ECLL1 is
correlated extracellular end of TM6 and intracellular end of TM5.

In 500 ns simulation, Met98 of ECL1 is correlated to intracellular end of TM1 (Arg53), ICL1
(Phe61), intracellular end of TM2 (Thr68) and cytoplasmic tail (Leu339). Gly102 of ECLL1 is
correlated to membrane region of TM2 (Glu82), intracellular end of TM3 (Argl131), ICL2
(Ser143) and intracellular end of TM5 (Phe223). 1le135 of TM3 at intracellular region is
correlated to extracellular part of TM2 (Ala92), membrane region of TM4 (Val160, Leul63)
and membrane region of TM5 (Ala202). These finding imply that ICL1 may be responsible for
ligand recognition signals whereas ECL1 is responsible for protein stabilization and recognition
of intracellular effectors.

In estimation of required energy for unbinding of intracellular loop 3 is found as 1629 kJ/mol
and confirmed with G-protein coupling energy to B2-Ar with the work of -1455 kJ/mol.

Finally, the endogenous ligand epinephrine of B-adrenoceptors is studied in order to estimate
critical differences between 1, B2, Ps ligand binding pockets for epinephrine and their
selectivity.



OZETCE

G-protein kenetli reseptorler insan genomunda 700’den fazla gen ile kodlanmaktadir. G-protein
kenetli reseptorler ortak 7 transmembran yapisi ve degisken hiicre i¢i ve hiicre dis1 diigiimlerden
olusur. Transmembran reseptorleri olarak, hiicrelerin hiicre disi ile iletisimlerini sagladiklar
birer kap1 ve kapici gorevi siirdiirmektedirler. Bu nedenle G-protein kenetli reseptorlerin isleyis
mekanizmalar1 gilincel bilimsel sorulardan biri olarak onemli bir yer kapsamaktadir. Bu
calismada G-protein kenetli reseptorlerin  takdimi, insan [2-adrenergic proteinin
karakteristikleri ve [p-adrenergic reseptorlerin  dogal ligandinin baglanma afinitesi
aragtirtlmistir. Literatiirde genellikle P2-Ar’mn diglincli hiicreigi ilmigi yapilan ¢aligsmalarda
yoksayilmaktadir. Calismanin ilk ayagi olarak B2-Ar ii¢iincii hiicrei¢i ilmiginin proteinin inaktif
halinden aktif halindeki konformasyona geg¢isi i¢in gerekli olan enerji hesaplanmustir.

ICL3 bolgesinin aktif olmayan konformasyondan aktif konformasyonuna getirilebilmesi i¢in
gereken enerji 1629 kJ/mol olarak hesaplanmis, G-protein baglanmasindan agiga ¢ikan
enerjinin -1455 kJ/mol oldugu farkli bir molekiiler simulasyon hesabi ile desteklendigi
gozlemlenmistir.

Calismanin ikinci ayagi olarak rezidiiler arasi iletisim aglar1 korelasyon matrislerinin analizi
tizerinden tespit edilmesi hedeflenmistir.

Allosteri analizinde B3-Ar proteinin lipid hucre zari igine gémiilii halde simiile edildigi iki farkli
gidisiz kullanilmistir.Gidisizlerden bir tanesi 1 ps boyunca monomeric ve herhangi bir kisitin
bulunmadigi simiilasyonun sonucunda, bir tanesi ise 500 ns boyunca reseptOriin aktif
durumundaki yapist tanimlanmis olan Asp113 ve Ser207 arasinda 8 A kisit uygulanarak ligand
baglanmasinin mimic edildigi simiilasyonun sonucunda elde edilmistir.

1 us simiilasyon sonucunda, birinci hiicrei¢i ilmiginin (ICL1), transmembrane 6’ nin hiicreigi
sonlanma bdlgesiyle (Cys265, Lys267) iletisim halinde oldugu gozlemlenmistir. Birinci
hiicrei¢i ilmiginde yer alan Thr66’nin proteinin lipid membrane igerisindeki stabilizasyonunda
rol oynadig1r ve Tyrl23 (TM3) ve llel154 (TM4) iizerinden isleyisini gerceklestirdigi
gbzlemlenmistir. Birinci hiicredist ilmiginde yer alan Trp99’un ikinci hiicre dis1 diiglimiinde
yer alan Cys191 ve transmembrane 5’in membrane bdlgesinde bulunan Ile214 ile yine birinci
hiicredis1 ilmiginde yer alan PhelO1’in transmembrane 6’nin hiicredist bolgesi ile
transmembran 5’°in hiicrei¢i kismiyla korele oldugu gézlemlenmistir.

500 ns siiren ve ligand baglanmasini mimic eden simiilasyonda ise birinci hiicredisi ilmiginde
yer alan Met98’in Phe61 (ICL1), Thr68 (transmembrane 2’nin hiicrei¢i sonu) ve Leu339
(sitoplazmik diiglim) ile iletisim halinde oldugu goézlemlenmistir. Yine birinci hiicre disi
ilmiginde bulunan Gly102’nin ise Glu82 (TM2 membran bolgesi), Argl31 (TM3 hiicreici
sonu), Serl43 (ikinci hiicre i¢i i1lmigi) ve Phe223 (TMS hiicreigi sonu) ile bir iletisim ag1
kurdugu gdzlemlenmistir. Ugiincii iletisim ag1 ise transmembrane 3’te bulunan Ile 135 ile Ala92
(TM hiicredis1 bolgesi), Vall160, Leul63 (TM4 membran bolgesi) ve Ala202 (TM5 membran
bolgesi) arasinda oldugu gozlemlenmistir. Elde edilen bulgular birinci hiicrei¢i ilmiginin
(ICL1) ligand tanima sinyalleri ile ilintili iken ECL1’in protein stabilizasyonu ve hiicre ici
effektorlerin tanimlanmasinda rol oynayabiliyor olacagini gostermektedir.

Son olarak, epinephrine’in -adrenergic reseptorleri arasinda segiciligi f2 > Pz > P1 olarak
gozlemlenmistir.
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Chapter 1
1.1 Introduction

G-protein coupled receptors are one of the largest families which encode over 700 genes in the
human genome and %40 of drug market targets GPCR proteins. Thus, their functioning
mechanism is one of the utmost important topics of current scientific community. They mainly
function in mediation of adenyl cyclase dependent pathways and tissue specific pathways such
as clathrin-cargo signalling events. They mainly couple to Gi, Gq, Gs and G113 G-alpha
proteins. General characteristics of G-protein coupled receptors are defined in Chapter 1. In this
study, mainly the role of intracellular loop 3 in G-protein coupled activation, inner mechanism
of B2-adrenergic protein and binding abilities of endogenous ligand of beta-adrenergic protein
are investigated.p2-adrenergic protein functions in smooth muscle relaxation and breathing.
Disfunctioning of PB.-adrenergic causes asthma. We tried to shed light into the role of
intracellular loop 3 of P-ar which is usually omitted in structural investigation of B.-ar
activation. In Chapter 3, the intracellular loop 3 of inactive state of 2-ar is taken as initial
conformation and the energy required to bring the intracellular loop 3 into active-state
conformation is calculated via Steered Molecular Dynamics. In Chapter 4, one of the current
important subjects of scientific community, the subject of allostery, is investigated by
comparing different points of views and perspectives. Two different trajectories where the
protein is embedded in the membrane are generated. One trajectory, 1000 ns NVT, was
generated in the absence of ligand (apo). The second was a 500 ns NVT trajectory in which the
ligand binding pocket was fixed at 8 A, thus mimicking the ligand bound state of the protein.

In Chapter 5, the endogenous ligand of beta-adroneceptor epinephrine binding to BiAr, B2Ar
and BsAr is investigated using Steered Molecular Dynamics Method.



Chapter 2
2.1 GPCR Structure and Function

G-protein coupled receptors correspond to one of the largest protein families which covers over
700 genes of human genome. They share acommon 7 transmembrane alpha helix structure with
altering intracellular and extracellular coil formations. The GPCR family has 7 subclasses 2 of
which (Class D and Class E) are not found in vertebrates. [1] Deciphered genes in vertebrates
belonging to the GPCR family divides proteins of this family into 5 subclasses as Rhodopsin
(class A); Secretin and Adhesion (Class B); Glutamate (Class C); and Frizzled/Taste Receptor
2. (Class F) [2] GPCR proteins are in charge of signal transfer to cytoplasmic region recognizing
extracellular stimuli and transferring acquired information through photons, ions, ligands,
peptides or proteins to intracellular agents or acts in formation, activation and deactivation of
ion channels. Thus, they are important stations of intercellular communication and most
targeted receptors of marketed drugs. [2] To understand these critical information stations, a
collaborative effort was established as The GPCR Network in 2010 funded by NIGMS’s Protein
Structure Initiative based at The Scripps Research Institute. The GPCR Networks effort
resolved 19 unique structures and deposited to the Protein Data Bank. The Protein Data Bank
has 49 unique structures of GPCR receptors and 198 structures of GPCRs in different
conformations were revealed of these structures, 133 belong to Homo sapiens as of 2017.

2.1.1 G-Protein and Corresponding Signaling Pathways

G protein is the next step of information transfer which comes from the corresponding G-protein
coupled receptor and are activated by phosphorylation. They are heterotrimeric proteins which
serve as molecular switches via association and dissociation of the trimeric sub-structure and
composed of 3 subunits designated as a, 3 and y. Activated G-protein coupled receptors cause
dissociation of a subunit of G-protein from GPy dimer and initiates signal transferring cascades.
After the signaling procedure is complete, G, subunits eventually hydrolase the bound GTP
into GDP and reforms trimeric (apy) structure of G-protein.

The most common signaling pathways associated can be classified as G « ), G « (g), and Gs)
pathways.
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Figure 2.1. G-protein coupled receptors and activated G-protein signaling pathways

Gu() pathway also known as Gij pathway inhibits adenylyl cyclase activity thus inhibits the
CAMP dependent pathway. The G pathway mainly works opposite to the cAMP-dependent
protein kinase. Adenylyl cyclase has 6 classes. Their main activity is to transform ATP to 3°-
5’ cyclic AMP (cAMP) phosphatase. Produced cAMP will function as a signal for cAMP
binding proteins.

Guq) (Ggn1) signaling initiates the formation of inositol-1,4,5-triphosphate 3 (IP3) by
phospholipase C and activates protein tyrosine phosphorylation. Phosphorylation of Gugqin
activates Gqi1 leading to release of Ca?* from intracellular stores. [3]

The Gs pathway activates the adenylyl cyclase pathway leading to the activation of protein
kinase A (pKA) dependent intracellular events.

Gi213 signaling occurs a bit differently than other G, pathways. After activation of cCAMP
pathway Gis subunit binds to Rho guanine nucleotide exchange factors (RhoGEFs) therefore
initiating regulation of cell specific pathways.
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2.1.2 Class A G-protein coupled receptors: Rhodopsin Family

The Rhodopsin family consists of 719 genes functioning in a wide variety of mechanisms. The
sub families of the Rhodopsin class divide into 4 main branches (o, B, v, ) which further divide
into sub  clusters according to their functional similarities. The Olfactory receptors of the &-
group comprise the largest group of Rhodopsin family with 390 genes. Important sub clusters
of Class A are listed as: Orphans, Olfactory receptors, Vision, Taste, Pheromone receptors and
receptors with known ligands. Receptors with known structures are also divided into 18 receptor

types.

5-Hydroxytryptamine receptors:

Thirteen receptors are found in this subfamily [1] but only 2 unique structures are resolved.
Their main function is the regulation of serotonin, dopamine and acetylcholine uptake and
downstream regulation of signaling. [4, 5] 5-Hydroxytryptamine receptors are also known for
various ergot alkaloid derivatives and psychoactive substances. They affect neural activity, but
their function in perception of pain and cerebral vasoconstriction is speculated. Two known
structures belong to 5-Hydroxytryptamine 1B and 5-Hydroxytryptamine 2B. 5-
Hydroxytryptamine 1B signaling inhibits adenylyl cyclase activity and 5-Hydroxytryptamine
2B signaling activates a phosphatidylinositol-calcium second messenger system that modulates
the activity of phosphatidylinositol 3-kinase and down-stream signaling cascades and promotes
the release of Ca?* ions from intracellular stores.[6]

Acetylcholine receptors (muscarinic) :

Muscarinic receptors consist of 5 types as M1 to M5. Their main function is the inhibition of
adenylyl cyclase, breakdown of phosphoinositide and modulation of the potassium channels.
[7] Structures of M1 to M4 have been resolved so far, excluding M5.

Adenosine receptors :

Adenosine receptors are classified as Al, A2A, A2B and A3 receptors. They function in the
activation and inhibition of adenylyl cyclase. Structures of A1 and A2A are deposited to Protein
Data Bank with various ligands.

Adrenoceptors :

Adrenoceptors also called adrenergic receptors branch into two subgroups denoted as a and p.
The Alpha subgroup consists of 6 receptors (0u1a, o1, 01D, 024, 028, 02c) and beta subgroup
consists of PB1, B2, B3 adrenoceptors. a-adrenoceptors functions in Geiy and Geq) signaling
pathways whereas B-adrenoceptors functions in Ges) signaling pathway. [8]

Angiotensin receptors :

Angiotensin is a peptide hormone which causes vasoconstriction in control of blood pressure.
Angiotensin type 1 and Angiotensin type 2 constitutes an angiotensin receptor subgroup,
Angiotensin type 1 transduces signals trough the Gqq) signaling pathway in activation of
phospholipase C (PLC) whereas Angiotensin type 2 signals trough the Gy pathway in
inhibition of adenylyl cyclase.


http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=1
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=2
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=3
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=4
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=6

Apelin receptor :

The Apelin receptor inhibits adenylyl cyclase activity and functions in control of blood
pressure, heart contractility and heart failure. In early heart development, Apelin receptor
functions in gastrulation and morphogenesis via APELA hormone

Cannabinoid receptors:

CB1 and CB2 receptors mainly function in the nervous system in the brain and the immune
system. They mainly transduce signals in the Gq) signaling pathway; however, it has been also
reported that CB1 also plays a role in calcium, potassium ion channels and kinase pathways.
Structure and signaling mechanisms of CB1 is more abundant in literature whereas mechanisms
of CB2 have not been presented yet. [9]

Chemokine receptors:

Chemokines constitute one of the largest sub families which have a main group coupled to G-
proteins. Their main function is the regulation of leukocyte trafficking. Some other chemokines
also function in non-G-protein activated processes. [10] Chemokines are also divided into 4
subgroups according to structure similarity and conservation of cysteine residues: CC
chemokines, CXC chemokines, CX3C chemokines and C chemokines. G-protein coupled
chemokines are CCR1 to CCR10, CXCR1 to CXCR6, CX3CR1, XRC1 and CCRL2. Their
signaling pathways varies through leukocyte trafficking, nevertheless they also transduce
signals through Gy pathway.

Dopamine receptors:

Dopamine receptors are important in the central nervous system in regulation of the
neurotransmitter dopamine. There are 5 types of dopamine receptors, of which D1 and D5
transduce signals through the Gy pathway and D2, D3, D4 through the G pathway. Only
crystal structure of D3 has been resolved up to now. [11]

Endothelin receptors:

They are receptors for 3 types of endothelin 1-3 and classified as ETA, ETB receptors. Only
the Endothelin type B structure is known as a non-specific receptor for all types of endothelin
functioning in the Gyq pathway in activation of phosphatidylinositol-calcium, second
messenger system and G pathway. Endothelin type A receptor function in Gugq) and Ges)
pathways. [12]

Free fatty acid receptors:

Receptors activated by long-chain saturated and unsaturated fatty acids are classified as FFA1
to FFA4 and GPR42. [13] FFAL and FFA4 are activated by long-chain fatty acids whereas
FFA2 and FFA3 are activated by short fatty acids. FFA1 and FFA2 are important in homeostasis
and act through Gy and Ge(q) pathways.[14]


http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=7
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=13
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=14
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=20
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=21
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=24

Histamine receptors:

Histamine receptors have 4 types: H1, H2, H3 and H4. The structure of H1 is resolved and acts
on the Ga (q) pathway and plays a role in smooth muscle contraction, increase in capillary
permeability, and neurotransmission in central nervous system and catecholamine release from
adrenal medulla.

Lysophospholipid (LPA) receptors:

Lysophospholipid receptors are activated trough phospholipid metabolite LPA and consists of
6 types from LPA1l to LPAG6. Besides LPA activation. They can be activated by some
phosphorylated intermediates, endocannabinoids or heterogeneous LPA molecules. LPA1
crystal structure is resolved and LPAL is known for signaling through Gy and Ga(q) pathways
and downstream MAP kinases. They are required for normal brain development and
proliferation and plays important role in chemotaxis and wounding.

Neurotensin receptors:

Neurotensin | (Nstrl) and Neurotensin Il (Nstr2) are receptors activated via neurotensin. The
activated receptor signals through G-protein coupled phosphatidylinositol-calcium second
messenger system and leads to activation of downstream MAP kinases. [15]

Opioid receptors:

Opioid receptors consist of 4 types with resolved structures and classified as o, x, pu and
Nociceptin/Orphanin FQ (NOP) receptor. The NOP receptor is classified in some studies as the
opioid-like receptor due to its distinct pharmacology. Delta, kappa and mu receptors are widely
found in the brain and spinal cord. They are responsible for pain modulation and addiction,
regulation of membrane ionic homeostasis, cell proliferation, emotional response, epileptic
seizures, immune function, feeding, obesity, respiratory and cardiovascular control and some
neurodegenerative disorders. [16] All of these receptors act in the Gq) signaling pathway. 9, «,
p receptors controls inhibition of adenylyl cyclase activity and regulation of calcium ion current
and potassium ion conductance. p receptor differing from 6 and « plays a role in regulation of
mitogen-activated protein kinase (MAPK), phospholipase C (PLC), phosphoinositide/protein
kinase (PKC), phosphoinositide 3-kinase (PI3K) and NF-kappa-B. [17] Additionally, agonist
specific phosphorylation of the receptor leads to G-protein dependent or independent activation
of the ERK pathway. NOP receptor mediates alternative signaling pathways in activation of
MAP kinases. [18]

Orexin receptors:

Orexins are receptors activated by either orexin-A or orexin-B and have 2 types as OX1 and
0OX2. OX1 has high affinity for orexin-A whereas OX2 is non-selective over orexin-A or
orexin-B. They trigger an increase of cytoplasmic calcium concentration in presence of orexin-
A binding. [19] They also signal through Ge(q) pathway.

P2Y receptors:

P2Y receptors consist of 8 types as: P2Y1, P2Y2, P2Y4, P2Ys, P2Y11, P2Y 12, P2Y13 and P2Y 14.
They are receptors for ATP, ADP, uridine triphosphate, uridine diphosphate and UDP-glucose.
They processes signals through the Gy, Guq) and Gas) pathways. Crystal structures of P2Y
and P2Y 1, are resolved. P2Y 12 is activated by ATP and ADP and inhibits the adenylyl cyclase

7


http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=33
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=36
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=51

second messenger system. P2Y3 functions in mobilization of intracellular calcium ions via
activation of phospholipase C. [20]

2.1.3 Class B G-protein coupled receptors

Adhesion and Secretin family constitutes Class B GPCRs. Secretin family is encoded with 15
genes in human and adhesion family is phylogenetically related to class B family with 33 genes
however they conceive a large N-termini with a GPCR auto proteolysis inducing domain
(GAIN) over 320 residues. [21] Secretin family has 2 unique protein structures deposited to
Protein Data Bank of Corticotrophin-releasing factor receptors and Glucagon receptor family.

Corticotrophin-releasing factor receptors:

Corticotrophin-releasing factor receptors have 2 types as CRF1 and CRF2 both of which are
activated non-selectively by corticotrophin-releasing hormone and urocortin. Crystal structure
of CRF1 is deposited to Protein Data Bank. CRF1 functions in activation of adenylyl cyclase
trough the Gqs) signaling pathway and inhibits the activity of the calcium channel CACNA1H.

Glucagon receptor family:

Glucagon receptor family consists of 6 proteins which are activated via the endogenous
glucagon hormone. Only the structure of the glucagon receptor is known and it’s functioning
in control of glucose levels in blood trough G signaling pathway. [22]

2.1.4 Class C G-protein coupled receptors: Glutamate Family

Class C includes metabotropic glutamate receptors, calcium sensing receptor (CaS) and
GABAE&, three taste type 1 receptors and V2 receptors which are encoded with 22 genes.
Structures of GABAg and few of metabotropic glutamate receptors are resolved.

Metabotropic glutamate receptors:

mGIuRs consist of 8 types. Only 2 of the 8 structures are resolved. They are receptors for
glutamate and perform a variety of functions in the central nervous system. mGIluR1 mediates
signaling trough the phosphatidylinositol-calcium second messenger system and participates in
long-term potentiation in hippocampus and long term depression in cerebellum. mGIuRS plays
an important role in synaptic plasticity and neural network. Both of them mediate trough Ga

(q) pathway. [23]

GABAg:

GABA is a heterodimeric protein formed by GABBR1 and GABBR2. GABBR1 binds to ligand
whereas GABBR2 mediates G-protein coupling. [24] GABA functions in inhibition of the
adenylyl cyclase pathway, high voltage calcium channel leading to neurotransmitter inhibition
and activation of potassium channels and phospholipase A2 and modulates inositol
phospholipid hydrolysis. [25]


http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=40

2.1.5 Class F Frizzled / TAS2

Frizzled family in encoded with 10 genes and activated by secreted lipoglycoproteins of WNT
family which passes signals into cell via membrane proteins. Class F also includes SMO gene
for smoothened receptor.

Smoothened Homolog:

Smoothened homolog is thought to be transducing hedgehog’s protein signal indirectly.



2.2 Peta; Adrenergic

Beta-1 Adrenergic is located mainly in the heart and regulates cardiac function and Ca?*
homeostasis. [27] Thus it is one of the utmostly important Beta-adrenergic receptors. However,
currently human Petal-adrenergic receptor has not yet been crystallized due to its flexible
conformation. Engineered form of turkey (Meleagris gallopavo) Petal-adrenergic has been
crystallized by Warne et. al. as mutant B1AR-m23 complex.[28]

B1,B2, B3 of family A shares % 51 sequence identity except amino and carboxyl termini and
cytoplasmic loop and also human B1 and B2 receptors share %67 sequence identity. Thus one of
the main challenges about beta-adrenergic receptors is determining ligand specificity to targeted
beta receptor. Sugimoto et. al. showed that antagonist CGP 20712A has selectivity over B1AR
via binding 500 times more strongly than to f2AR and ICI-118,551 binds 550 times more
strongly to B2AR than f1AR.[29]

One of well known antagonist of Betal-Ar is carvedilol and it is not sufficiently selective over
B1AR. However they are still used for treatments of cardiovascular diseases. In 1997, clinical
trials conducted by Doughty and Sharpe showed that metoprolol and carvedilol targeting B1AR
blockage improve LV (Left Ventricle) function and hemodynamics similarly. However it has
been stated that even tough carvedilol has a weak betal-selectivity, it has other potentially
beneficial effects such as anti-proliferative and antioxidant activity. [30]

Radio ligand binding assay study conducted on beta-blocker selectivity at Betal and Peta2
receptors by Smith and Teitler reports ligands that bisoprolol, betaxolol,metoprolol and atenolol
are selective of P2AR over B1AR whereas carvedilol,propranolol and ICI-188,551 has no
selectivity over either receptor. [31]

As structural specifications ionic lock between helices 3 and 6 observed in B2AR is also in f1AR
and aromatic interaction between TM7 and helice 8 in NPxxYxF motif. Another interaction
that attracts attention is the salt bridge network between extracellular loop 2 and extra cellular
loop 3 at residues D184/D186 and R317, respectively. In the binding pocket it has been
observed that only Phe325 in BiAr equivalent of Tyr308 behaves differently in B1Ar. Upon
ligand binding hydrophobic interactions lock ECL2 in a rigid conformation, in the presence of
sodium ion, ECL2 gets coordinated with backbone carbonyl groups of residues Cys192,
Asp195 and Cys198 and two water molecules. Hydrogen bonds between side chains of Ser®4?
,Ser®4%y and Tyr®-3®) is observed and two water molecules in the cavity between TM3,TM4 and
TM5. Phe®32 could be playing an important part in the regulation entry to binding pocket.
Phe325 cannot form hydrogen bonds with Asn©%% as observed in B2Ar.
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2.3 Peta, Adrenergic

Beta 2 adrenergic after rhodopsin has been one of the mostly studied GPCR. The structure of
B2Ar first revealed in 2010 and has been a model for abounding number of studies. Flexible
structure of B2Ar and signaling capabilities to different pathways makes GPCRs an important
area to work on and makes B2Ar special as on-research model of GPCR mechanisms. In
literature ionic lock on the mostly conserved (D/E)R(W/Y) sequence at the at the cytoplasmic
end of TM3 and acidic amino acid at the cytoplasmic end of TM6 [34], rotamer toggle switch
observed at W286 and F290 modulating bend angle of TM6 upon activation [34,35],salt bridge
between Asp192 and Lys305 [3] is reported as important constituents of protein. Ligand binding
pocket characteristics and agonist/antagonist binding mechanisms, GPCR independent
signaling mechanisms of B2Ar (basal activity, B-arrestin dependent pathways), activation and
G-protein selective activation mechanisms are mostly acknowledged and studied issues.
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Figure 2.3.1 Chain representation of 2-Ar (PDB code: 2RH1)
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Toggle switch:

CWxP motif in TM6 (toggle switch) and NPxxY motif is known as important in receptor
activation. Kobilka and his group findings present that disruption of ionic lock and activation
of toggle switch are not related events. [34]

lonic Lock:

lonic lock between Arg131 and Glu268 is seen during the study carried out by Vanni et.al. [33]
In ionic lock disruption side chain conformation of B2Ar is asserted as an important indicator
for signaling levels as in B1Ar, Ser211 is observed in a distinctly different conformation. [33]

Salt Bridge:

Salt bridge interactions involved in B2Ar indicates that Asp192, Lys305 is important in salt
bridge formation and disruption of salt bridge between Arg131 and Glu268 seems as a critical
actor for shifting equilibrium of protein towards to active state. [33]

Hydrogen Network:

Upon activation 2 A inward shift of TMS5 results in catechol ‘head’ re-orientation with Ser203
and Ser204 side chains and Asn293 stabilizes TM5 shift. [36]. Additionally Vanni et.al
observed that ethanolamine goups of ligand and interaction with Asp113 and Asn313 is
conserved for 0.5 microsecond.

Intracellular Loop 3 (ICL3):

In crystal data of B2Ar, intracellular loop 3 is removed and T4 lysosome is inserted. Due to this,
most studies lacks the importance of ICL3 in B2Ar signaling mechanism. In work of Ozgiir et.al.
B2Ar is investigated with ICL3 for around 1 microsecond. Also, HDX data suggests that ICL3
plays a role as molecular switch where upon antagonist and inverse agonist binding ICL3 covers
the region at the ends of TM5 and TM6 G-protein binding site and shifts equilibrium toward
inactive state. [46] In their work they observe that around 600 ns of MD 1us, ICL3 packs
underneath B2Ar and keeps its stationary state until the rest of simulation. In second
continuation run, 5 A RMSD value towards active state is observed around 20 ns. After ICL3
packing a net of hydrogen bonds are formed and maintained till the end of simulation. ICL3
packing seemed to significantly correlated with lower end of TM6 causing 7.5 A inward
movement in the opposite direction to 14 A outward movement of TM6.

It is also known that ICL3 is important in G-protein activation, the peptides synthesized with
primary sequence 259-273 corresponding to ICL3 region Gas-coupled B2Ar selectively bind
with G-proteins stimulate their functional activity.[58 ,59] ICL3 derived peptides is crucial for
interacting with negatively charged receptor binding site of G subunit.

G-protein signaling:

In G-protein activation, G-protein interacts with TM5 and TM6, ICL2 and ICL3 but makes no
important interactions with TM6 and TM7. Conformation change occurring in core region
generally affects ICL2 and ICL3 intracellular loop (which are directly linked to TM3 and TM4
that constitutes one of the key sites for G-protein recognition and activation. [40].p2ar-Gafy
heterotrimeric complex shown that Go subunit of G-protein makes contact with TM5 and TM6
resulting 14 A outwards movement of TM6 upon activation. [37] Position and conformation of
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TMB8 does not change upon activation. [38] Phosphorylation is also important in G-protein
signaling, in the work of Daaka et.al it has been seen that B.Ar efficiently coupled to Gas but
not Gai. Once phosphorylated by PKA becomes efficiently coupled to Gai but not Gas.
Moreover, peptide study conducted by Bockaert and Pin shows that a peptide corresponding to
the TM6 of B2Ar inhibits both receptor dimerization and activation suggesting dimerization
may be important for G-protein activation. [40]

p-arrestins:

In G-protein independent signaling, phosphorylated GPCRs recruit -arrestins in competing
with G-proteins and desensitize G-protein signaling. Binding of B-arrestins to agonist bound
GPCRs promotes clathrin-dependent endocytosis. Arrestins binds to GPCRs phosphorylated by
GRKs [38].

B-arrestin mediated signaling includes mitogen-activated protein kinases (MAPKS), non-
receptor protein kinases, glycogen synthase kinase 3, protein phosphatase 2A and transcription
factors [41]

Schukla et.al. concluded that TM6 and TM7 are most probably involved in -arrestin biased
signaling.

Downstream signaling:

B-arrestin and G-protein signaling pathways seems to be interconnected on several levels and
may be involving other activation and rearrangement of cytoplasmic and periplasmic loops.[42]
It has been observed that ligands for a given GPCR can show different efficacies for coupling
to distinct signaling pathways. [43] Basal activity may be reflecting the inherent flexibility of a
protein and its tendency to exist in several signaling pathways in the absence of ligands. It also
could refer to a highly constrained state with a relatively high affinity for G-protein [34]. It is
known that B2Ar shows higher basal activity when pH is reduced to 6.5 from 7.5. pH increase
probably disrupts the ionic lock and other intermolecular interactions as a result of protonation
[44]. It is also reported that mutation of Leu272 to alanine results in increased basal activity
[45].

Ligand Interactions:

In ligand interactions it has been seen that distinction between 1 and B2 receptors is based on
relative affinities for catecholamine agonists and their distribution in cell tissue. [33]
Specifically for P2Ar, experimental measurements show that distance range of 8A - 10A
between Asp113 and Ser207 is sufficient for receptor activation. [46] Full agonists upon
binding establishes two major interactions in which amino groups form a salt bridge with
Aspl113 carboxyl, whereas the polar groups of catechol or similar moiety interacts with Ser204
side chains in TM5 [47, 48]. It has been observed that B-OH group in agonist forms a polar
interaction with Asn293 in B2Ar. [49] B-OH moiety of ethanolamine ‘tail’ of agonists has seen
consistently anchored to the side between Aspl13 and Asn312 as in inverse agonists and
antagonists known to structure. [36] Additionally, in the fluorescence labeling studies
conducted by Liu etal shows that full agonist isoproterenol bound B2Ar shows equal
populations at Cys327 and Cys265. Partial agonists tulobuterol, clonbuterol, and
norepinephrine have less effect on Cys265 than isoproterenol whereas full agonist farmoterol
elicits a greater shift in conformational equilibrium state on Cys265. The inverse agonist
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carazolol makes no apparent effect compared to apo form. Isoetharine and carvedilol cause
large shift on Cys327 toward to active state. Carvedilol induce no effect on Cys327 whereas
isoetharine procures a large shift on Cys265 toward active state. [37] The antagonist/weak
partial agonist alprenolol can induce a small shift on Cys265 but minimal effect of Cys327 in
agreement with previous findings. [49, 50] Large activation changes isoetharine and carvedilol
performs on Cys327 equilibrium suggests that TM7 primarily effects on B-arrestin signaling
pathway. [37]

Kobilka and his co-workers resulted that catechol does not disrupt the ionic lock and salbutamol
does not activate rotamer toggle switch and concluded that norepinephrine occurs trough at
least one conformational change which has an intermediate state similar to dopamine.

Carvedilol previously thought as an inverse agonist characterized as a weak B-arrestin biased
ligand of B2Ar. [51, 52, 53] Carvedilol bound B2Ar preserves a closed conformation as ICL3
becomes more buried in the presence of carvedilol as reference to full agonist isoproterenol.
[51] Carvedilol makes contact with Leu101 (TM2), Asp200 (ECL2), TRY207 (ECL2), TRP330
(TM7) and Phe201 (ECL2). [38]

In ligand based interactions it has been seen that in order to achieve an activation, around 2 A
inward shift of TM5 is required. [54] In the binding pocket Asp113, Asn313 and Ser202 are
important in both agonist and antagonist binding. Ser203, Ser206 and Asn293 are not involved
in antagonist binding. [55, 56, 57] Tyr 308 is proposed as an important residue responsible of
agonist selectivity. Tyr 308 is located in close proximity to ligand interface and solvent and
having a hydrogen bond contact with Asn293.
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2.4 Betas - Adrenergic

B3Ar of Peta-adrenoceptors sub family mainly locates in adipose tissue and fewer extent in
skeletal muscle.[60] BsAr acts upon enhancement of lipolysis and thermogenesis. [61] B3-Ar
when activated couples with Gs signaling pathway and induce/inhibit adenylyl cyclase
pathway.

Encoding of murine (mouse) B3Ar receptor translates to a 388 amino acid residue protein which
shows %82 homology with BsAr. [62] Striking difference between murine BsAr and human
B3Ar is the carboxyl-terminal tail of the murine BsAr is 11 residues shorter than that of the
human B3Ar, and the high homology between these two proteins ends after the conserved
cysteine residue (position 358 of murine sequence) which was shown to anchor the carboxy-
terminus of the B3Ar in the membrane through palmitoylation. Only 3 serines present in murine
B3Ar and they are not favorable in palmitoylation. Palmitoylation is a type of post-translational
modification acts as lipid binding on cysteine and threonine residues. [62, 63, 64]

Another important difference noted between mouse and the human BzAr are found in the
intracellular loops, close to the transmembrane regions where three arginine residues (at
positions 61,150 and 289 of murine sequence) are substituted for a tryptophan, a cysteine and
a second cysteine respectively in the human receptor. [62]

Known agonists of BsAr include Amibegron (SR-58611A) [65, 66], CL-316,243 [67], L-
742,791 [68], L-786,568 [69], LY-368,842, Migabegron [70], RO40-2148, Solabegron [71].
Known antagonists are L-748,328, L-748,337 and SR 59230A. [68]

Additionally, BsAr is characterized with a low affinity toward antagonist lodocyanopindolol,
and low efficiency toward propranolol, 1CI1-118,551 and CGP 20712A in inhibition of cCAMP
production induced by isoproterenol. [62] BRL 37344, a weak agonist for BiAr and B2Ar
behaves as potent activator of lipolysis and thermogenesis in rodent fat cells and strongly
inhibits rat colon motility. [72, 73]

In the work of Ligett et.al Peta-adrenoceptors is expressed in CHCW cells for measuring Gs
coupling and stimulating adenylyl cyclase activity. The rank order of potency for agonists for
stimulating adenylyl cyclase was isoproterenol = BRL 37344 > norepinephrine > epinephrine
for BsAr. Along with agonist activity they have observed that B3Ar did not display short-term
agonist promoted functional desensitization or sequestration or long-term down regulation. [64]

In the work of Lewis et.al potent beta adrenergic antagonist (-)[*H]dihydroalprenolol was used
to directly estimate the number and affinity of beta-adrenergic receptors in rat heart membranes
from control and hyperthyroid rats. Their result showed that isoproterenol and (-
)[*H]dihydroalprenolol affinity was identical and thyroid hormone is an important regulator in
the number of cardiac beta adrenergic receptors. The increment in the number of beta-
adrenergic receptors caused by thyroid hormone is highly statistically significant and is likely
to be physiologically relevant. [74]

Over and above as mentioned in structure differences, psAr does not demonstrate agonist-
dependent phosphorylation. [64] After long term agonist exposure the number of beta
adrenoceptors is decreased. [75] Measurements showed that after long-term agonist exposure
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net cellular expression of PB2Ar becomes decreased regardless of localization of beta
adrenoceptors. BsAr number is not affected via this exposure most probably due to thyroid
hormone regulation on BzAr function, and lacking cysteine and threonine residues on
cytoplasmic tail which causing agonist dependent post-translational modification and PKA
phosphorylation.
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Chapter 3

3.1 Potential Mean Force Analysis of Beta-2-Adrenergic at the G-Protein
Binding Site

In 1 ps simulation of B2Ar it has been observed that the intracellular loop 3 (ICL3) region creates
numerous hydrogen bonds and transform into a closed form. Open and closed forms of ICL3
are one of main indicators of B2Ar active and inactive states. In this study, we performed Steered
MD simulations to estimate required energy for transition of ICL3 from closed from to open
form.

Steered MD simulations are giving opportunity to understand the interaction of an area of
interest both qualitetively and quantitatively. In steered MD simulations an atoms is chosen for
applying force and force is applied to this atom via a spring attaching a real and a dummy atom,
then force is applied in a vectoral direction.

Steered MD

In steered MD simulations a force is applied on one or a group of atoms (SMD atoms) whereas
one or a group of atoms are kept in a fixed position in cartesian space and the force vector is
calculated accordingly to the vector between steered MD atom and fixed atom. Steered MD
simulations can be performed either in constant force or constant velocity. SMD method merely
mimics Atomic Force Microscopy tecnique and pulls smd atoms accordingly.

F=-vU

F : force
VU : potential gradient

U= %k[vt — (F—7%) 1i)?
k : spring constant
n : pulling direction vector
7 . center of mass of smd atom at initial position
7 . center of mass of smd atom after force applied
v . velocity
t:time

In AFM experiments springs attached to consol have spring constants of 1 pN/ A, in steered
MD simulations due to time constraints attached springs have spring constants at 70 — 600 pN/
A. Due to fast pulling acquired work values are irreversible work values. In order to calculate
reversible free energy value Jarzinsky inequility is used. [76]
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Jarzsinky Inequality

Jarzinsky ingeuality shows that free energy of the system from state A to state B can be
calculated from finite-time work measurements. In order to be able to calculate Gibbs free
energy hence reversible work from finite-time measurements, the transition from state A to
state B should occur in one parameter space.

In reactions occuring reversibly, free energy of the system is equal to work from the transition
of the system from state A to state B.

W = HE — HA
W: work; HB: free energy at state B; H”: free energy at state A

In finite-time transitions which occur irreversibly, work is greater or equal to the free energy of
the system.

W > AH

Jarzinsky inequality shows that the difference between revesible and irreversible work is the
dissipated work and whether the dissipated work originated from irreversible work can be
overcome by averaging finite-time work values over exponential. Jarzinsky inequality states
that the difference between work values should be in the range of a few kzT. [76]

exp(—pW) = exp(—fAH)

If work values acquired are more than a few kzT, PMF potential should be reorganized and
Jarzinsky inequality could be used for calculation of free energy.[77]

In this work, Gaussian Drift Method [77] is followed and a relatively higher force constant is
used and with known force constant assumption and the dissipated work formed due to friction
is subtracted from the force applied.

X
U(x) =U(0) +f dx'(F —yv)
0
Free energy values are calculated according to the new force values formed after subtraction of

friction effect and using Jarzinsky Inequality.

ICL3 of B2AR is stretched via pulling steered MD atom to the distance of B2Ar in active state
with constant velocity method, in smd simulations last frame of 8 A restrained 500 ns
simulation is used as initial condition. Following simulations are performed and
corresponding free energies are calculated.

1. 0.5A/ms 5.5A
2. 2.4 A/ns 13 A SMD
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3.1.1 Steered MD Simulations

In the simulations performed, Particle Mesh Ewald periodic boundary conditions are used, 1 fs
is chosen as timestep, spring constant is chosen as 417 pN/A and SMD output is collected at
every 100 timestep.

In all simulations besides smd constraints an 8 A constraint is subjected to binding site of B2Ar
in order to mimic agonist binding. Restrained residues are presented in Table 3.1.1.1.

Residue | Atom | Residue | Atom | k | Constaint
SER 203 | H-B2 | ASP 113 | H-f2 |50 | 8
SER 207 | H-B2 | ASP 113 | H-f2 |50 | 8

SER 204 | H-B2 | ASP 113 | H-B2 |50 | 10
ASN 293 | H-a | ASP 113 | H-B2 | 60 | 8
PHE 289 | H-a |[ASP113 | H-B2 |60 |8
ASN 312 | H-o | ASP 113 | H-B2 | 60 | 8
PHE 289 |H-a |[ASN312 | H-a |50 |8

Table 3.1.1.1 Restrained atoms and their positions.
3.1.1.1 B2-Adrenergic Intracellular Loop 3 Unbinding Energy Calculations

For 8 Angstrom Restrained 500 ns simulation system, last frame of simulation where protein is
mimicking an inactive state is taken and equilibrated for 2 nanoseconds where protein is fixed
onto simulation space through 50 GLY, 76 ALA and 127 ILE. System is prepared in this way
to lower degree of freedom in energy space in order to be able to account for only the change
of intracellular loop three (ILC3) conformational energy.

During Steered MD simulations an 8 A constraint is performed at ligand binding pocket in order
to overcome antagonist effects might happen during unbinding of ICL3 from inactive state.

Simulations are performed in 1 femtosecond time step with langevin dynamics on at constant
volume. SMD vector is calculated as in NAMD Tutorial Steered MD Constant Velocity Pulling
Section.

Trajectory file and restart files are collected in every 5000 steps. Each simulation is lasted for
5.4 ns equivalent of 13 Angstrom pulling.

Indication of steered MD atoms, fixed atoms and constraints are used in presented in Appendix
l.

Force and distance trajectories are gathered from simulation data using VMD. Force and Work
values are calculated as it is described in Appendix Il. PMF values are calculated accordingly
to Streching Deca-Alanine Tutorial.

In the following section findings of 0.5 A/ns simulations and 2.4 A/ns simulations are
summarized. Force and Work profiles and respective PMF calculations are presented. It is
seen that when pulling speed is increased force exerted on smd atom also increases, however
catching a Gaussian distribution of work values acquired is more prominent than lower force
and work values. Due to this histogram analysis of work values acquired is calculated.
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3.1.2 0.5 A/ns Pulling

Each simulation is lasted for 11 ns and 81.49 kcal/mol standard deviation of work values is
acquired as shown in Table 3.1.2.1.

Table 3.1.2.1 Work values of 10 trajectories

Simulation Work (kcal/mol)
Number
1 232.28
27.73

264.11
150.01
43.11

218.35
198.09
174.29
140.73
0 249.42

PO |NO O WIN

Force vs extension relations are shown in Figure 3.1.2.1 where different colors correspond to
the 10 different simulations.
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Figure 3.1.2.1 Force profiles of 10 trajectories

Work vs extension relations are shown in Figure 3.1.2.2 where different colors correspond to
the 10 different simulations
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Figure 3.1.2.2 Work profiles of 10 trajectories

3.1.3 2.4 A/ns Pulling

Each simulation is lasted for 5.4 ns and 23.91 kcal/mol standard deviation is acquired.

Table 3.1.3.1 Work values of 20 trajectories

Simulation Work (kcal/mol)
Number

1 392.85
2 430.35
3 412.29
4 426.92
5 439.03
6 420.16
7 500.58
8 417.65
9 425.22
10 436.11
11 456.34
12 432.99
13 453.99
14 397.96
15 415.71
16 419.03
17 457.38
18 419.09
19 413.41
20 426.46

Force vs extension relations are shown in Figure 3.1.3.1 where different colors correspond to
the 20 different simulations.
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Figure 3.1.3.1 Force profiles of 20 trajectories

Work vs extension relations are shown in Figure 3.1.3.2 where different colors correspond to
the 20 different simulations.
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Figure 3.1.3.2 Work profiles of 20 trajectories

Potential mean force calculated is presented in Figure 3.1.3.3 out of 20 trajectories.
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Figure 3.1.3.3 Potential Mean Force profiles of 2.4 A/ns pulling

Work values acquired is subjected to a Gaussian fit whether chosen velocity is prominent for
application of Jarzinsky inequality. In gaussian fit of 0.5 A/ns work values does not give a
Gaussian distribution. In 2.4 A/ns velocity measurement required Gaussian fit is achived.
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Figure 3.1.3.4 Work distribution of 0.5 A/ns pulling over 10 trajectories
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Figure 3.1.3.5 Work distribution of 2.4 A/ns over 20 trajectories

Performed simulations show that right value of velocity has to be found via trial and error.
Jarzinsky states that acquired work values should be in range of few kBT’s and if not possible
acquired work values should be in Gaussian distribution.

Jarzinsky states that acquired work values should be in range of kBT’s regardless of the pulling
speed. Second rule of thumb to follow Jarzinsky equality is that acquired work values should
have a Gaussian distribution. Therefore right value of velocity has to be found via trial and
error.

In deletion studies it has been seen that ICL3 region is an essential for Gs coupling. [78] Work
required for unbinding of ICL3 region, hence gibbs free energy of G-protein binding is
calculated as 389.3 kcal/mol, 1628.8312 kJ/mol. [79] In the work of Stra3er and Whittman they
have conducted Molecular Dynamics simulations and calculated B2Ar-Ga interaction energy as
-1455 kJ/mol. Our findings are in good agreement with their study.
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Chapter 4
4.1 Allosteric Couplings of Beta-2-Adrenergic

4.1.1 What is allostery?

The process by which signals originating at one site in a protein propagate reliably to affect
distant functional sites is called allosteric communication. A small subset of residues forms
physically connected networks that link distant functional sites in the tertiary structure. In this
perspective, allostery represents information transfer to a distinct surface mediating
downstream signaling. [80] There is a two-way transfer of information that communicates the
state and needs of the cell to the extracellular space. They do this trough a change in shape,
specifically referred to as a change in conformation. [81] Throughout the years, allostery has
come to encircle different yet in a way related mechanisms by which protein function is
regulated. It is developed initially in the field of enzymology, is that many proteins possess
more than one binding site as later characterized as orthosteric sites and allosteric sites. [82]
One explanation is that multiple bindings sites leading to multiple conformations. In which
those conformations, the bottom of the energy wells is probably “rugged” allowing a range of
nearly iso-energetic conformers; the more flexible is the protein, the larger ensemble of
conformers it produces. [83] Allosteric sites are the sites conformationally linked such that the
inhibition/activation could be transmitted from the effector site to receiving site. [84] In the
work of Kenakin and Miller, allosterism is defined in terms of three interacting species [81]:

- The modulator : a ligand or protein that binds to a conduit
- A conduit that transduces the thermodynamic allosteric energy to a guest
- A guest which receives the influence of the modulator trough a conduit.

Many events can serve as modulators: binding of a molecule, a change in pH, temperature, ionic
strength or concentration, a covalent modification such as tethering glycosylation,
phosphorylation and ubiquination. [85] A key manifestation of allosteric interaction is an
alteration in the affinity of an orthosteric ligand for its binding site. [82] Homo or heterodimeric
ligand-binding domains of several nuclear receptors display different conformations in the
agonist-bound versus antagonist bound states, with a few characteristic changes in helix
structure within largely common protein fold structure. [86]

There must be a balance between thermodynamic stability to support specialty and flexibility
to mediate conformational change to catalyze biochemical reaction pathways. [81] There are
many allosteric theories and methods which tries to explain allosteric modulation in network
based view and ligand-activation based view. Two of main arguments having its roots from
active and inactive states and referred as two-state models are conformational induction and
conformational selection theories. Conformational induction is a concept proposed by Koshland
(1958). [87] In this perspective molecule contributes energy to cause a change in the
conformation of the receptor whereas conformational selection is rooted in the “population
shift” model emanating from the MWC model of allostery. In conformational induction
scenario; the ligand binds to the low energy inactive state of the receptor to cause in protein to
the active state molecular simulations favor conformational shift models for the binding of
small molecules. In conformational selection hypothesis receptor scans both active-like and
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inactive-like conformations with different probabilities. In literature, it has been argued that
receptor pre-existing in an active-like state without a ligand bound found as a scarce probability.

As another perspective, rather than two-state models as MWC and KNF models, there is
energetic “hot wire” idea to understand allosteric couplings, in this scope the coupling between
sites depends upon the intrinsic stabilities of the domains and the interactions between them
which in turn depend upon probability distributions resulting from the conformational changes
within the receptor protein.

Carmine and his coworkers measured the binding affinities of six catecholamines differing only
in ethanolamine tail and performed double mutant cycle analysis at positions 203,204 and 207
of B2ar. In their study, they have performed 33 double mutant cycles and estimated free energy
coupling values and found out that replacements of serines (SER) with alanine (ALA) or
cysteine (CYS) resulted in similar losses in energy whereas threonine replacement caused
different effect relying on different positions. Threonine replacement in position 207 showed a
conservative behavior as effecting a very small change whereas in position 204 they have
measured equal losses of alanine and cysteine. Finally, with the ligand mutations they have
concluded that during ligand binding to the aforesaid binding pocket is an interactive occasion
rather than rigid on-off signal.

To depict allostery there are several experimental methods for protein dynamics. X-ray
crystallography, Nuclear Magnetic Resonance, Flourescence Miscroscopy, Hydrogen-
Deuterium Exchange Mass Spectrometry and Atomic Force Microscopy are few of them. [85]
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4.1.2 Two-state Allosteric Models

The main models that are used to describe the mechanism of two-state allostery is the Monod-
Wyman-Changeux (MWC) model and the Koshland-Nemethy-Filmer (KNF) model. In MWC
model, it is assumed that, in the absence of the effector, the protein samples both inactive/tense
(T) and active/relased (R) states, but with different probabilities. The R state has a higher free-
energy and therefore sampled less, but the appearance of the allosteric effector lowers the free
energy of R state enough to lock protein in it. [86]

The key statements of MWC model are that allosteric proteins are oligomeric, they posses an
axis of symmetry, they can exist in an equilibrium between (at least) two distinct states in the
absence of ligand, and they posses multiple ligand recognition sites binding to which stabilizes
a subset of conformational states at the expense of others. MWC predicts that it should be
possible not only orthosteric but allosteric drugs that prefentially favor either active or inactive
receptor states and can selectively modulate properties of co-bound ligands in a manner that
correlates with the efficacy (positive,negative or neutral) of such ligands. [89]

Orthosteric site is a distinctive binding site for respective endogenous ligand in receptors.
Binding and activation by an orthosteric allosteric agonist conclusively results in a structural
rearrangement of the receptor that results increased affinity for G-proteins. [90]

Allosteric sites are spatially and functionally distinct sites which modulates orthosteric ligand
binding by shifting equilibrium increasing or decreasing affinity or efficacy for orthosteric
ligand without activating the receptor. Such ligands are habitually called as positive allosteric
modulators (PAMs) and negative allosteric modulators (NAMs). Many GPCRs possess
allosteric binding sites. [83,91,92]

Ternary complex model (TCM) is an expansion of simple two-state model which takes into
account the interaction between a ligand and its receptor by including G-protein role in
activation and giving rise to a four point 2-D model, there are 16-point quaternary complex
models as well. Still, such models takes only active (R*) and inactive (R) state into account.
[91]
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Figure 4.1.2.1 Models of GPCR ligand—receptor interactions. a) A simple linear two-state model employing a single
dissociation constant governed by the law of mass action. b) The initial ternary complex model for ligand, receptor, and G-
protein interactions. ¢) The extended ternary complex model, which includes the scenario of constitutive or agonist-
independent receptor activation. d) The cubic ternary complex model, which adds the possibility of active receptor and G-
protein association that does not causing signaling. e) The allosteric ternary complex model, a concise framework for
modeling the interaction of two ligands (e.g., an orthosteric agonist and an allosteric modulator) on a receptor, taking into
account both cooperativity between the ligands () and the effect of one ligand on the other’s efficacy ().

In Allosteric Ternary Complex Model (ATCM), orthosteric and allosteric ligands bind
reversibly and saturably to their respective binding sites. [83]

TCM can result in shallow and biphasic binding curves if G-protein amount is limiting, whereas
ATCM does not because exogenous allosteric modulator ligands are present in vast excess
relatively to the concentration of the receptor. Additionally, the ATCM does not differentiate
among ligands that do or do not posses efficacy whereas the cooperativity factor in the G-
protein TCM is an index of orthosteric ligand efficacy. [94]

Allosteric two state model (ATSM) describes the interaction between an allosteric modulator
with an orthosteric ligand on a receptor that is isomerize between inactive (R) and active (R*)
states. [95]

In KNF model, the protein only visits T state in the absence of the allosteric effector. It is the
appearance of the effector and interaction with the protein what makes protein undergo a
conformational change into R state.

MWC model involves conformational changes that require the collective motions of many
atoms at the same time, while in KNF model transition from the T state to R state is more
sequential. [86]
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Fluorescence studies of beta-2-adrenergic activation kinetics suggests that conformational
change occurs after ligand binding which may leading to an ‘induced fit’ mechanism. [96]

In addition to PAMs and NAMs, allosteric binding sites also allow other novel modes of
receptor modulation. An ago-allosteric modulator is defined as allosteric ligand which
displaying both allosteric agonism and an ability to allosterically modulate the binding and/or
function of orthosteric ligands from allosteric ligands that display only agonism or modulation.
[83]

Enhanced potency might arise from modulator-induced enhancement of agonist binding
affinity. Stabilization of the agonist bound sensing module, for example, might lead to a reduced
rate of agonist dissociation. Provided that the time spent by the effector module in its active
conformation remains unchanged and that signal transmission from the sending unit is intact,
the effect of the modulator would be confined to an effect on potency.

Enhanced efficacy implies a conformation state in which the effector unit interacts with a larger
number of signaling molecules, e.g. by remaining active for longer upon receipt of the
intramolecular message from the signal transmission unit or by enhancing the rate of access of
signaling molecules to the effector site. [97]

“Pure” positive or negative allosteric modulators which are typically sought after in most
allosteric drug discovery programs are unlikely to exits. The degree of modulation will depend
on coupling efficiency, such that amplified responses will appear to be modulated to a greater
extent than less amplified responses. [89]

A major controversy of GPCR agonist drugs that they require chronic administration and
leading receptors to desensitization, down regulation and/or internalization over time.
Efficiently turning receptor to active state via agonist administration in stated as unnatural and
causing receptor to lose sensitivity. [91]
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4.1.3 Computational Approaches

It is needed to note that there is no approach that has been achieved consensus in order to depict
and understand allostery. Experimental approaches is this scope of the study is usually used for
understanding two-state model allostery and remaining transition or not-recognized states and
conformations is still under investigation. Some of the methods in allostery identification can
be listed as non-equilibrium molecular Dynamics simulations, procedure of anisotropic thermal
diffusion, evolutionary trace analysis and normal mode/principal component analysis. [98, 99]
Used techniques can be divided into two categories as featured-based models and structural
surveys. In feature-based methods the scope is mostly upon similar characteristic properties
seen in similar functions. Thus, investigation of Hotspots in a protein, Atomic density, solvent
accessibility, Hydrophobicity, Noncanonical hydrogen bonds and IT-interactions can be listed
as examples of this type of analysis. [85]

4.1.3.1 Structural Surveys
4.1.3.1.1 Statistical Coupling Analysis

Statistical Coupling Analysis developed by Lockless and Raganathan mines large databases for
homologous proteins and compares their sequences in order to identify evolutionary covarying
residues. [100] Given its power on the availability of large databases it is unlikely that SCA
will be able to identify novel allosteric networks between orthosteric and small-molecule
allosteric site specific to individual GPCRs. [83]

4.1.3.1.2 Principal Component Analysis

Principal Component Analysis, the covariance matrices are diagonalized to yield collective
variables (eigenvectors) sorted according to their contribution to the total mean-squared
fluctuation.

MD trajectory is projected onto principal components (collective variables) and it has been
found out that coordinates constitute a low dimensional sub-space that represents a significant
part of the macromolecular motion. [101, 102]

4.1.3.1.3 Elastic Network Models

Elastik Network Models (ENM) where macromolecule is defined as a set of nodes connected
by harmonic springs. Normal modes / collective coordinates are then derived from this
simplistic harmonic approximation of the potential energy function near equilibrium. [103]

ENM based methods suffer from two major limitations.

- By either treating the macromolecule in isolation, or using implicit solvent schemes to
screen interatomic interactions, the methods likely fail to account for configurational
entropy of the surrounding environment.

- Given ruggedness of the potential energy surface and an-harmonic of the energy barriers
for conformational transitions, harmonic approximations tend to lose critical
information relevant for characterizing macromolecular conformational behavior. [104,
105]
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4.1.3.2 Comparisons within conformational ensembles

A different approach modeling allosteric signal propagation using a protein structure network
has been introduced by Park and Kim in signal transmission through the network is modeled
using a Markov random walk. This modeling approach is limited in its ability to address
dynamic, large scale changes in structure. [106]

4.1.3.2.1 Monte-Carlo simulation

Doruker et.al coupled MC simulation with anisotropic network modeling to study transition
pathways in two-well known allosteric protein. E.coli adenylyl cyclase and human hemoglobin.
Their iterative approach is comprised of alternating cycles of normal mode analysis and MC
simulation applied to pre-transition structures, resulting in post-transition conformations. In
each cycle, normal modes are calculated for starting structures and the slow mode overlapping
the desired transition is selected and a new structure is generated by deforming the protein along
the slow mode. [107]

4.1.3.2.2 Coarse grained molecular dynamics

It is also known as reduced representation approach. Okazaki and Takada have used the G6-
like single-bead approach to represent glutamate-binding protein in a comparative study to
protein systems to see which are best represented. [108]

Among structural surveys if enough time and memory is present Molecular dynamics
simulations, targeted MD simulations can also be used in the investigation allostery or
abovementioned methods can be used in combination of MD simulations accordingly to the
problem set up.
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4.1.4 Important Interactions

GPCRs fundamental nature requires extracellular ligand binding to result in a dynamic change
in receptor conformation that is reflected in exposure of a signaling domain at the cytosolic
surface, which interacts with the effector partner, a heterotrimeric G-protein. [81]

Allosteric ligands provide a new energy landscape for the receptor which can essentially create
a new receptor. Allosteric ligands have unique properties in that they produce saturable and
probe-dependent effects; these can lead to correspondingly special therapeutic properties
[81]Thus it is important to understand how allosteric ligands effect the landscape of energy
when receptor has come upon with a signaling event and internal signaling pathways of
receptor.

Carmine et.al states that aromatic residues residing in TM6 may be involved in catechol ring of
ligand during binding of catecholamines through n-x stacking as it is observed in Phe 290 near
toggle switch. Their another statement is that tilting motion at intracellular region of TM3 and
TM6 which occurs during G-protein binding might have been causing upper segments of other
helices to get closer towards each other and enhancing catecholamine binding with residues at
binding site. [88]

In the work of Lakkaraju et.al. it was found that the apo form of B2Ar and carazolol bound B2Ar
were assigned to distinct “inactive-like” conformations in which the cavity of Gos binding site
is not formed. They have pointed out that agonists of B2Ar preserved G-protein binding site
cavity which is a little bit smaller than the cavity found out in crystal structures. In agonists,
they have found out that BI-167107 bound B2Ar is sampled active-like state more frequently
than epinephrine and salbutamol. They have found out that Salbutamol is keener to inactive-
states indicating another binding partner is required for required modulation. [109]

In experimental studies it has been observed that amino group of catecholamines form a salt
bridge with Asp113 whereas polar groups of catecholamine interact with Ser203 and Ser204 in
TM5. [48, 55]

Usually p-OH moiety of ligands anchor between Asp113 and Ans312. [36] Carvedilol known
as an antagonist makes van der Waals in BiAr with Leul01 (TM2), Asp200 (ECL2), Tyr207
(ECL2), Trp330 (TM7) and Phe201 (ECL2). [40]

In the work of Lakkaraju et.al. where they have been compared different effectors they had
found that in Apo versus carazolol bound simulations residues which have shown biggest
conformational changes were Argl51, Phel66, 11e169, GIn170, GIn197, Leu275 and Cys327.
In Apo- BI-167107 comparison they have reported Glul22, Argl51, Trpl158, Thrl64 and
Tyr326. In epinephrine binding Gly35, Met36, 1138, Leu42, Phe208, Phe217, Tyr219, Leu275,
11e277, Phe282, Asn318, Tyr326 and Arg328 were showing biggest conformational change. In
salbutamol binding pointed out residues were Gly35, Phe49, Phel66, GIn170, GIn197, Val206,
Phe217, 11e278, His296, 11e298, Glu306, Leu310, 11e325 and Arg328. [109]

Dimerization of GPCRs is another subject in discussion. There is increasing evidence that
dimerization is a requisite for function in some GPCRs. [110] Changes in receptor sensivity to
agonist upon dimerization has been worked on and characterized for opioid receptor
heterodimers upon now. [81]
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4.1.5 METHOD
Production of Correlational Deviation Matrices (Covariance Matrices)

In correlation anaylysis which are performed, average positions of alpha carbon atoms are
represented accordingly to cumulative change that has been observed in the targeted time frame.
Every position is divided to total station number in order to get mean positions of backbone.

Y — (E{:\I:oxl(i)) V — (thv=o Yl(i)) 7 — (thv=ozl(i))

X Y Z
N N N

For each carbon atom, deviation from mean value is accounted for each station and average
correlational deviation values are calculated. This will be giving the average corraletional
deviation for each residue during whole simulation.

N
(ARP) = () (AXZ + AVZ +8Y2))/ N
t=0

AX; = X; —X AY; =Y, =Y ,AZ; = Z; — 7, i:residue index, j: station index

Average correlational deviation can be used to calculate temperature factors of each residue
using the relation below, this will be resulting in deteceting rigid and flexible regions of
protein.

,. 298_ 81’
B — factor = (AR; )(m)(T)

Beta factor represents the relative harmonical movements of atoms and it is defined in X-ray
crystallography studies for every protein.

A correlatonal deviation of a residue pair can be obtained through scalar multiplication of each
residues correlational deviations of that station. C;;, correlational deviation of residue pair
results in a value between +1 and -1 due to final division to average deviation which is
performed to get a normalized value. If there is no correlation between residue pair C;; value
will be resulting as zero.

_ (8R) (8R)
7 IARi| ARy

)

Correlational deviation values will be useful to detect the structural difference of a protein in
the presence of two different effectors. These could be allosteric or intrinsic effectors upon
analyzer’s choice.

Matlab code which is implemented for this method two calculate C;; values for a definite time
scale is presented in Appendix IlI.

After gathering C;; values mostly correlated residues are depicted for distance analyses.

Residue pairs are chosen according to their branching number as involving multiple sites of
proteins.
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Important Correlations

4.1.6 1000 ns APO p2-AR

Itis seen that ICL1 is correlated with lower end of TM6-ICL3 region residues Cys265, Glu268
and His269.1n inactive conformation ICL1 and lower end of TM6 comes closer to lower end of
TM2 as seen in Figure 4.1.6.1 GIn65-Cys265 distance becomes 10 A narrower during 600 —
1000 ns. Glu268 is speculated to be involved in G-protein coupling along with Leu64 and
Asp130 which are located on the intracellular side of receptor and. [111] These residues could
be important in G-protein recognition as underneath of TM6 and TM2 becomes tighter in
distance and thus signals an inactive state due to absence of G-protein.

——0-400ns
GLN 65 - CYS 265 600 - 1000 ns

0.5+

Probability Distribution

0.0

10 15 20 25
Distance (A)

Figure 4.1.6.1 Probability distribution of distance between GIn65 - Cys265. The distance between GIn65 and Cys265
decreases in 600 — 1000 ns. GIn65 — Cys265 distance is an indicator of behavior of intracellular parts of TM2 and TM6.

Another residue of ICL1, Thr 66 has important correlations with lle 154 of TM4 and Thr 123
of TM3. (Figure 4.1.6.2, Figure 4.1.6.3) In these correlations lower end of TM2 forms stable
distance with TM4 and reaches further away from TM3. Tle154 is known for 2Ar interaction
with cholesterol rings A and B [113]. 1le154 keeps its distance with Leu64 in a stable manner
with Thr66 (Figure 4.1.6.2) whereas Tyr123-Thr66 distance increase about 8 A. This may be
indicating that B2Ar follows a two sided control mechanisms in order to position in fully active
state. Packing of ICL3 underneath TM5 and TM6 makes protein to adopt a new conformation
which locks some of the important residues in locked signaling states.
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Figure 4.1.6.2 Probability distribution of distance between intracellular end of TM2 (Thr66) and membrane region of TM4

(le154)

THR 66 - THR 123

0.5+

Probability Distribution

0.0

—— 0-400ns
—— 600 - 1000 ns|

0 8
Distance (A)

Figure 4.1.6.3 Probability distribution of distance between intracellular end of TM2 (Thr66) and membrane region of TM3

(Thr123)

Trp 99 of ECLL1 locks into a specific distance in 600 — 1000 ns with middle portion of TM5
(Figure 4.1.6.4) and Trp99 - Cys191 of ECL2 gets 7 A wider. Cys 191 is an important residue
in folding of protein into its functional conformation. [114] This cluster controls probably
rotational degree of transmembrane 5 which may lead to a specific binding cavity formation

due to flexibility of two half’s of transmembrane 5.
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Figure 4.1.6.4 Probability distribution of distance between ECL1 (Trp99) and membrane region of TM5 (1le214)
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Figure 4.1.6.5 Probability distribution of distance between ECL1 (Trp99) and ECL2 (Cys191)

ECL1 moves apart from both extracellular part of TM6 around 20 A (Figure 4.1.6.6) and
intracellular of TMS5 around 25 A (Figure 4.1.6.7). 116294 is known for its importance in JDTic
receptor selectivity in kappa-opioid receptor. [115] Opioid receptors are functioning in
regulation of membrane ionic homeostasis. Intracellular part of TM5 and distance between
Phel01 is not stabilizing at 25 A. (Figure 4.1.6.7) This seems like transmembranes 2 and 3 and
transmembranes 5 and 6 is taking apart from each other where Phe101 of ECL1, TM5 and TM6
IS opening a wider space on the center of 7 TM structure. Thus it can be speculated that Phe101
interactions are important for selective binding and activation of ionic channels.
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Figure 4.1.6.6 Probability distribution of distance between ECL1 (Phel01) and extracellular end of TM6 (11e294)
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Figure 4.1.6.7 Probability distribution of distance between ECL1 (Phe101) and intracellular end of TM5 (Ala226)

Cys 106 of TM3 - Phe 89 at extracellular part of TM2 shifts into a conformation where they are
apart for 10 A in 600 — 1000 ns. In the work of Liu et.al it is seen that Phe89 is located in an
important antagonist binding pocket of CCR1 protein. Usually benzene rings of antagonists
forms strong n-w stacking with the side chains of Phe89. [122]

37



——0-400ns
—— 600 - 1000 ns|
CYS 106 - PHE 89
1.0 )

0.5

Probability Distribution

0.04

Distance (A)

Figure 4.1.6.8 Probability distribution of distance between extracellular end of TM3 (Cys106) and extracellular end of TM2
(Phe89)

Cys 184 of ECL2 and Ile 291 of TM6 in active-like conformation scans around 20 A area which
locks into 30 A distance in last 400 ns. In the work of Hogan et.al [128] it is postulated that
11e291 resides in a hydrophobic pocket on top of the DPxxY motif and thought to act as a
rotamer switch.
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Figure 4.1.6.9 Probability distribution of distance between ECL2 (Cys184) and extracellular end of TM6 (11e291)

Lower end of TM6 forms correlations with lower end of TM1 and ICL1. Lower end of TM2
and TM6 comes closer whereas TM1 is pushed away 10 A (Figure 4.1.6.11). Lys267 as an
important residue underneath TM5 and TM6 where ICL3 packs around, correlates mainly with
ICL1 (Figures 4.1.6.10-12-13) via pushing intracellular end of TM1 which probably causing
the energy barrier for activation.
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Figure 4.1.6.10 Probability distribution of distance between intracellular part of TM2 (Thr66) and intracellular end of TM6
(Lys267)
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Figure 4.1.6.11 Probability distribution of distance between intracellular part of TM1 (Ala59) and intracellular end of TM6
(Lys267)
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Figure 4.1.6.12 Probability distribution of distance between ICL1 (Leu64) and intracellular end of TM6 (Lys267)
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Figure 4.1.6.13 Probability distribution of distance between ICL1 (GIn65) and intracellular end of TM6 (Lys267)

During 1000 ns simulation in the last 400 ns three parts of B2 Ar adopts three distint movements.
Intracellular part ends of TM2, TM6 and ICL1 comes closer, lipid membrane region of TM4
and intracellular end of TM2 spans a 14 A distance where most probably Ile154 is making
stabilizing contacts with cholesterol, and membrane region of TM3 become distant to TM2 and
TM4. In extracellular part the distance between ECL1, ECL2, extracellular part of TM6 and
intracellular part of TM5 increased as well as the distance between extracellular ends of TM2
and TM3 enabling a wide space for ligand binding, clathrin-cargo signaling or ionic passage.
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4.1.7 500 ns 8 A Restrained p2-AR
0-100ns

Phel66 is located in binding pocket of aza-adrenoceptor, this trend seen in 400-500 ns of 8 A
restrained simulation shows that TM4-TM2 domain is scanning for ligand binding from
extracellular site .[116] (Figure 4.1.7.1.1). Asn69 is reported as N-glycosylation site in human
vasoactive intestinal peptide 1 receptor a class 11 GPCR. [123]
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Figure 4.1.7.1.1 Probability distribution of distance between intracellular part of TM2 (Asn69) and extracellular end of TM4
(Phel66)

Lys97 is noted for its importance in cholesterol binding. [124] In last 100 ns the distance
between Lys97 and Alal34 resonates between 49 A and 52 A.
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Figure 4.1.7.1.2 Probability distribution of distance between ECL1 (Lys97) and extracellular end of TM3 (Alal34)
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Phel04 resides in binding pocket of P,Y 12 receptors. [125] P2Y 12 inhibits second messenger
adenyl cyclase activity upon activation. Probability distribution of Phe104 and Leu342 is
stabilizes at 42 A rather than scattered peaks observed during 0 — 100 ns. (Figure 4.1.7.1.3)
This may indicate a lock which causes and G-protein independent signaling.
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Figure 4.1.7.1.3 Probability distribution of distance between extracellular end of TM3 (Phe104) and cytoplasmic tail
(Leu342)

In following correlations lower ends of TM3 and TM4 adopts a tighter distance in intracellular
region and a wider distance with extracellular end of TM2.11e135 is highly conserved among
GPCRs whereas it has been substituted with valine in some GPCRs, correlations shows it forms
van der Waals contacts with alanine at position 92 and 202.
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Figure 4.1.7.1.4 Probability distribution of distance between extracellular end of TM3 (11e135) and extracellular end of TM2
(Ala92)
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Figure 4.1.7.1.5 Probability distribution of distance between extracellular end of TM3 (11e135) and extracellular part of TM5
(Ala202)
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Figure 4.1.7.1.6 Probability distribution of distance between ICL2 (Ser143) and ECL1 (Gly102)
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Figure 4.1.7.1.7 Probability distribution of distance between ICL2 (Ser143) and ECL1 (Met96)

400 — 500 ns

It is observed Met98 is important for signal transduction from intracellular region to
extracellular region. Met98 correlates with intracellular loop 1 and Leu339 of cytoplasmic tail
where depicted as important in Gas signalling. [117]
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Figure 4.1.7.2.1 Probability distribution of distance between ECL1 (Met98) and ICL1 (Arg63)
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Figure 4.1.7.2.2 Probability distribution of distance between ECL1 (Met98) and ICL1 (Phe61)
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Figure 4.1.7.2.3 Probability distribution of distance between ECL1 (Met98) and intracellular end of TM2 (Phe68)
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Figure 4.1.7.2.4 Probability distribution of distance between ECL1 (Met98) and cytoplasmic tail (Leu339)

Gly102 is another highly conserved residue in GPCRs and seems to be another important
residue in signal transduction it increases the distance between binding pocket most probably
to be able to hinder steric clashes which may occur during ligand binding.
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Figure 4.1.7.2.5 Probability distribution of distance between ECL1 (Gly102) and extracellular end of TM3 (Arg131)
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Figure 4.1.7.2.6 Probability distribution of distance between ECL1 (Gly102) and ICL1 (Glu62)
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Figure 4.1.7.2.7 Probability distribution of distance between ECL1 (Gly102) and membrane region of TM5 (Phe223)
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Figure 4.1.7.2.8 Probability distribution of distance between intracellular end of TM3 (lle135) and membrane region of TM4
(Leu163)

Val160 is an important residue in ligand pocket formation of olfactory receptors. In olfactory
receptors Val113 of MORA42-3, forms hydrophobic interactions with residues in TM3, TM4
and TMD5 bringing these helices together. When Val113 is interacted with a polar residue,
these interactions are disrupted and formation of a larger binding pocket is initiated. [126] In
B2Ar it is seen that these kind of interactions are governed by Gly102 and Ile 135.
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Figure 4.1.7.2.9 Probability distribution of distance between intracellular end of TM3 (Ile135) and membrane region of TM4
(Val160)

Phel193-Tyr141 are both involved in ligand binding, 4 A change occuring in this region might
be speculated as binding pocket reformation. [118, 119]

In receptor G-protein interaction in the patent of Kobilka et.al it is depicted Thr68, Asp130
interact with ICL2 via Tyr141 and enables docking of the receptor into a hydrophobic pocket
on the G-protein surface. [127]
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Figure 4.1.7.2.10 Probability distribution of distance between intracellular end of TM4 (Tyr141) and extracellular end of
TM6 (Phe293)

His296 is known to locate in 3" binding site in hydrophobic pocket formed by Asp300, Asn301
and 11e303 of B2Ar and known for its function in stabilizing Zn2+. [120] Val295 in this manner
seems to function in communication with TM2 in the activation of G-protein signalling and
Zn2+ stabilization. [121]
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Figure 4.1.7.2.11 Probability distribution of distance between intracellular end of TM2 (Val67) and extracellular end of TM6
(Val295)

In first 100 ns domain-wise correlations, it is seen that every segment of protein is positively
correlated with TM1 and ECLL1 is correlated with cytoplasmic tail. ICL1 is corralated with
ECL1, ECL2, ECL3, extracellular segment of TM4, intracellular segment of TM5, extracellular
segment of TM6 and TM7. Intracellular segment of TM2 (position 67-73) is correlated with
ECL2, ECL3, extracellular segment of TM2 (position 74-95) is correlated with ICL2 and whole
TM2 is correlated with TM5. In last 100 ns domain-wise correlations TM1 correlations stays
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intact, ICL1 loses its correlation with ECL1 and ECL3 and keeps its correlations with ECL2,
intracellular segment of TM3, extracellular segment of TM4, intracellular segment of TM5,
extracellular segment of TM6 and whole TM7. TM2 becomes correlated with ECL2 and ICL2.
TM3 gets correlated with TM5 and two segment of TM3 as intracellular and extracellular
becomes correlated.

In comparison of 1000 ns apo trajectory and 500 ns ligand mimicking trajectory it is seen that
key players of receptor activation through Gas signaling pathway are ECL1 and TM3. In
1000 ns apo trajectory during 600 — 1000 ns period ECL1 expands the distance from ECL2,
TM5 and TM6 where in 500 ns ligand mimicking trajectory it becomes closer to ICL1, TM3
and cytoplasmic tail. Transmembrane region interactions also shows a symmentrical change
in lesser extent to distances between. Overall it is seen that interactions between TM2 — TM3
and ECL1 — TM3 are main indicators of conformational change.

When we have changed our scope from globular motions of protein to residue based
interactions, it is seen that mostly interacting residues are conserved residues among some
GPCRs. In residue based interactions, residues important for B2Ar stabilization in lipid
membrane, glycosylation sites, possible candidate residues which may involve in G-protein
independent signaling pathways are coming to attention. Along these lines, GPCR proteins
are dynamic entities which governs different signaling pathways.
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Chapter 5

5.1 Epinephrine Binding to B-adrenoceptors

Epinephrine is an endogenous ligand of f-adrenoceptors. Epinephrine binding affinity to p1-
adrenoceptor is measured as 610 pM and 615 pM to 2-adrenoceptor. In this chapter binding
pockets of 1,2 and B3 adrenoceptors is investigated and via short steered MD simulations
selectivity of epinephrine of B-adrenoceptors is tried to be understood both quantitatively and
qualitatively. For selectivity of epinephrine binding free energies of epinephrine is calculated
with steered MD method using Jarzsinky Inequality.

5.2 METHOD

Human B1-adrenoceptor and B3-adrenoceptor is modelled via homology modeling using
Phyre? server. Modelled proteins are equilibrated in NVT ensemble for 4 ns and afterwards
epinephrine is docked to proteins using Molegro. Best poses is chosen after 100 distinct runs.
Acquired structures is equilibrated again for another 400 ps in order to maintain
quasieqilibrium state.

Epinephrine is pulled from frozen backbones of B1, B2 adrenoceptors with 0.02 A/ps speed.
Timestep is chosen 2 fs in each simulation and SMD data is collected in every 100" time step.
Pulling is done till 4 A in distance since it has been observed that rupture is occuring around 4

A.
5.3 Binding Pockets

Bi-adrenoceptor

Epinephrine is contacted with residues Pro45, Ala46, Asp356, Phe359, Lys347 and Asn344.
It makes m-alkyl intractions with Pro45 and Ala46 and n-m interactions with Phe359.

B2-adrenoceptor

In B2-adrenoceptor epinephrine makes contact with Tyr199, Phe290, Asn293 and 11e294. In
[B2-adrenoceptor n-wt interaction is got stronger via Tyr199 and Phe290.

Bs-adrenoceptor

In Bs-adrenoceptor epinephrine makes contact with Asn192, Cys110, Metl174 and
Pro193.Hydrogen bond network in 3-adrenoceptor is seen more compact than f1 and 2 and
forms m-alkyl interactions with Pro193.
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5.4 SMD Simulations

B1-adrenoceptor

Force for required pulling is observed around 100 pN and work values ranges between 1.5
kcal/mol to -1.5 kcal/mol.

20 A/ns
150 : :

fl

4

Force (pN)

| ,"4' _ .W'. i %‘ “f‘

T ‘ W”.

0 0.5 1 1.5 2 25 3 3.5 4 45
Extension (A)

Figure 5.4.1 Force profiles of B1-adrenoceptor-epinephrine pulling

Work Profiles

Work (kcal/mol)

0 0.5 1 15 2 25 3 3.5 4 4.5
Extension (A)

Figure 5.4.2 Work profiles of f1-adrenoceptor-epinephrine pulling
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B2-adrenoceptor

Force profile of B2-adrenoceptor increased to 300 pN. Work values are rangd from 2 kcal/mol
to 12 kcal/mol.
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Figure 5.4.3 Force profiles of f2-adrenoceptor-epinephrine pulling
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Figure 5.4.4 Work profiles of B2-adrenoceptor-epinephrine pulling
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Bz-adrenoceptor

In force profiles of B3 similar trend to B1 is observed.Work values acquired are ranged from
0.5 kcal/mol to 3.5 kcal/mol.
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Figure 5.4.5 Force Profiles
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Figure 5.4.6 Force Profiles

In representative PMF calculations it seen that epinephrine selectivity is as B2 > Bz > B1.

(Figure 5.4.7). These values should not be accounted for exact binding free energy due to high
statistical varience in acquired work values.
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Chapter 6
Conclusion

In this study, we aimed to understand B2Ar in a compherensive manner and tried to approach
from different perspectives. GPCR proteins are highly dynamic and flexible proteins. In the
investigation of inactive-conformation of ICL3, we found that the required energy for ICL3 to
adopt an active state conformation is more or less equal to the energy emanates from G-protein
binding to B2Ar. This indicates that ICL3 is mostly involved in G-protein dependent signaling
pathways. This proposition can also be supported by the diversity of ICL3 regions observed
among GPCRs.

In investigation of allosteric mechanisms underlying B2Ar, we observed that intracellular and
extracellular regions are in cross communication whereas in membrane region we are seeing
correlations from nearby regions for stabilization/localization of protein into lipid membrane.In
1000 ns apo trajectory the distance between ICL1 and intracellular end of TM6 shows a 7 A
change in distances between Leu64,GIn65,Thr66 and Cys265,Lys267 occurs during last 400 ns
whereas the distance between intracellular end of TM2 (Ala59) and (TM6) Lys267 distance
gets 8 A apart which brings intracellular ends of TM1 and TM6 together. This formation is
controlled by the ligands Phel01 and Trp99 which governs ECL2, TM5 and TM6 formation
which allows a wider space in the cavity between 7 TM helices. In 500 ns ligand mimicking
trajectory, main actors changes from ICL1, TM5 and TM6 to ECL1 (Met98, Gly102) and TM3
(lle 135) which probably involves in stabilization of membrane region in lipid and the distance
between TM1 and TM2 mostly.

In residue based inspections it is seen that these residues also include post-translational
modification sites such as Asn69 and G-protein independent signaling pathways such as Phe104
and Leu342. The latter may be due to an absence of G-protein during simulation. For instance
Tyrl41 is an important player in G-protein docking and its distance with Phe293 in 500 ns
ligand mimicking trajectory is not stabilizing. This may show that B2Ar also sends signals for
G-protein recognition. Another important factor is 11e291 is proposed as a rotamer switch in
B2Ar. Our findings in Cys184-11e291 distance in 1000 ns apo trajectory support the existence
of a such mechanism. Also, not observing any ligand binding pocket residues in this analysis
implies that binding pocket residues have limited but strategic contacts. Due to flexible nature
of GPCRs, it may be speculated that GPCR proteins have trigger alarms on several levels for
activation of the specific pathway.

Binding studies of endogenous ligand epinephrine show that epinephrine is selective of B2 > 33
> B1. This result seems logical when expression sites of B1, B2, B3 are taken into account.
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Appendix |
Constraints and Steered MD Section inserted in Cofiguration File
# Fixed Atoms Constraint (set PDB beta-column to 1)
if {14
fixedAtoms on
fixedAtomsFile  8A_equil.ref
fixedAtomsCol B
fixedAtomsForces on}
# Extra constraints
extraBonds on
extraBondsFile constraint.txt
# Steered MD set up
SMD on
SMDFile 8A eq_smd.ref
SMDk 6
SMDVel 0.0000024
SMDDir 0.0125 -0.9896 0.1434
SMDOutputFreq 100
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Appendix 11

Force and Work Calculations

filename=input ('Enter force file name: ','s');

delimiterIn=' "';
ft=importdata(filename,delimiterln);
ftemp=ft(:,2)*0.0144;

f1 = size(54000);

filename2=input('Enter extension file name: ','s');
e=importdata(filename2,delimiterlIn);

d=e(:,2);

d=d(1:end)-d(1);

t=e(:,1)/1000;

k=6;

fsum=0;

v=input('Velocity (A/ps): ');

dt=input('Time Interval(ps): ');

c1=size(54001);
i=1;
initial=0;
temp=0;
while j < 54002
c1(j)= temp+v*dt;
temp=initial+c1(j);
3=3+1;
end
c=transpose(c1);
for i=2:54001
if i ==1;
fsum=Ffsum+k* (v*dt-(d(i)));
f1(i)=Ffsum;
else
fsum=fsum+k* (v*dt-(d(i)-d(i-1)));
f1(i)= fsum;

end
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end
ffluc=transpose(f1);
force=ftemp-ffluc;
wl = size(54000);
=1
%worksum=0;
for 1=2:54001

if i==1;

wi(j)= force(3)*(d(i));
force(i)*(d(i)), wil(i)=worksum

w1 (j)=worksum;
=i+,

else

d(i-1)), wil(i)=worksum
w1 (j)=worksum;
=i+

end
end

work = transpose(w1l);

% initial worksum
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w1(j)= force(j)*(d(i)-d(i-1)); % else worksum
1(

if i==1 worksum

worksum+

worksum + force(i)*(d(i)-



Appendix 11

Production of Covariance Matrices

For frames (stations) 0 - 400 ns

Extracting coordinates
for i=0:399
filename = num2str(i);
s = pdbread ([filename '.pdb']);
coordinates=zeros(311,3);
i=1;
for k=1:5055
if strcmp(s.Model.Atom(k).AtomName, 'CA')==1;

coordinates(j,:)=[s.Model.Atom(k).X s.Model.Atom(k).Y
s.Model .Atom(k) .Z];

3=3+1;
end
end
my_field = strcat('frame_',num2str(i));
variable. (my_field) = coordinates;
end
Calculating average positions
r_bar = zeros(size(variable.frame_0));
for i = 0:398
index=num2str(i);

frame_index = ['frame_' index];
temp = variable. (frame_index);
r_bar = r_bar + temp;
end
Calculating the difference in each frame relatively to the average positions
r_bar = r_bar/398;
for i=0:399
index=num2str(i);

a = ['frame_' index];

delta

zeros(size(variable.frame_0));
delta = (variable.(a) - r_bar);

my_field = strcat('deltaR_',num2str(i));
deltaR. (my_field) = delta;
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end

Calculating AR;.AR; for each time frame
product = zeros(311,311);
for k= 0 : 398

c = ['deltaR_"' num2str(k)];

mat = deltaR. (c);

for i=1:311

for j = 1:311
product(i,j)= dot (mat(i,:),mat(j,:));
end

end

my_Tfield = strcat('pre_',num2str(k));

pre. (my_field) = product;
end
Calculating <AR; . AR;> for the first 400 ns
Sum of each dot product and division of the total time frame
connect = zeros(311,311);
for 1=0:398

d = ['pre_' num2str(1)];

connect = connect + pre.(d);
end

connect = connect/400;

Calculating AR;/[ARi] . AR;j//[ARj/
second_product = zeros(311,311);
for k= 0 : 398
c = ['deltaR_"' num2str(k)];
mat = deltaR. (c¢);
for i=1:311
for j = 1:311

second_product(i,j)= dot
((mat(i,:)/norm(mat(i,:))), (mat(j,:)/norm(mat(j,:))));

end

end

my_field = strcat('pre_norm_', num2str(k));
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pre_norm. (my_field) = second_product;

end

Normalized correlaton matrice for total 0-400 ns period
second_connect = zeros(311,311);
for z=0:398

e = ['pre_norm_"' num2str(z)];
second_connect = second_connect + pre_norm. (e);
end

second_connect = second_connect/399;
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