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Resumo

Foi realizada uma caracterizacéo extensiva da familia dos recetores de opidides para criar novo conhecimento
acerca das propriedades farmacolégicas e fisioldgicas destes alvos de farmacos importantes. Foi realizado
modelacdo por homologia usando estruturas do recetor opiodide do tipo- k (humano), do recetor de neurotensina
1 e recetor muscarinico M2 para gerar complexos confiaveis de recetores de opioides ligados a proteina-G ou
arrestina, empregando cinco scores diferentes para selecionar o melhor modelo de homologia em cada
condicdo. Foram realizadas simulag¢Ges de Dindamica Molecular (equilibracao) de forma a relaxar os melhores
modelos. As estruturas relaxadas foram alinhadas com os modelos de parceiros para poder formar os
complexos. Apds a formagdo dos complexos foi aplicada uma ampla variedade de métodos computacionais
para avaliar e providenciar uma descri¢éo detalhada das interfaces de interacéo de todos os membros da familia
de recetores de opidides [4 (MOR), 3 (DOR), x (KOR), nociceptina (NOP) com os seus parceiros de ligacéo
correspondentes (ARRs: ARR2, ARRS3; proteina-G: Gii, Giz, Gis, Go, Gob, Gz, G, G11, Gi2, G14, G5, Gsshy,
Gsq0))]. Esta descricdo inclui os seguintes parametros estruturais: distancias inter-hélice, distancias
electroestaticas, residuos que interagem, percentagens de interacdo dos residuos, ligacbes de hidrogénio,
pontes salinas, area de superficie acessivel ao solvente, nimero de atomos a superficie e enterrados. Além
disso, analise dinamica, no ambito da Analise de Modo Normal, foi também executada para avaliar dois
pardmetros dindmicos: mudancas de flexibilidade e mudancas no fold em flutuacdo meédia. A construgdo e
analise destes 57 modelos, envolvendo recetores de opidides, representa uma nova e excitante analise de
grandes dados dos determinantes estruturais na interface dos complexos e constitui um passo seguinte na

compreensao da especificidade funcional da familia de recetores de opidides.

Palavras-chave: Recetores de opidides; Proteinas-G; Arrestinas; Modulacdo por homologia; SimulagGes

de Dindmica Molecular



Abstract

An extensive characterization of the opioid receptor family was carried out to create new knowledge about the
physiological and pharmacological properties of these important drug targets. Homology modelling was
performed using k-type opioid receptor (human), neurotensin receptor 1 and muscarinic M2 receptor structures
to generate reliable complexes of opioid receptor bound to either G-protein or arrestin, employing five different
scores to select the best homology model in each condition. Molecular Dynamic simulations (equilibration)
were performed in order to relax the best models. The relaxed structures were aligned with the partner models
in order to form the complexes. After the complex formation a wide range of computational methods were
applied to assess and provide a detailed description of the interaction interfaces of all members of the opioid
receptor family [p (MOR), 6 (DOR), k (KOR), nociceptin (NOP) with their corresponding binding partners
(ARRs: ARR2, ARR3; G-protein: Gii, Giz, Gis, Go, Gob, Gz, Gg, G11, G12, G14, G1s, Gs(shy, Gs(io))]- This description
includes the following structural parameters: inter-helical distances, electrostatic distances, interacting
residues, residue interaction percentages, hydrogen bonds, salt bridges, solvent accessible surface area, number
of surface and buried atoms. Moreover, dynamic analysis, under the scope of Normal Mode Analysis, was also
performed to evaluate two dynamical aspects of the complexes: flexibility changes and average fluctuation
fold changes. The construction and analysis of these 57 models, involving opioid receptors, represents a novel
and exciting big data analysis of the complexes interface structural determinants and constitutes a further step
into the understanding of opioid receptor family functional specificity.

Keywords: Opioid receptors; G-proteins; Arrestins; Homology modelling; Molecular Dynamic simulations
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1. Introduction

1.1 G-protein coupled receptors

Hundreds of G-protein coupled receptors (GPCR) were discovered in human organism. These receptors are
embedded in the cellular membrane and all of them have similar structures, containing seven transmembrane
a-helices (TM). These TM are connected through three extracellular loops (ECL) and three intracellular loops
(ICL). Finally, one a-helix is located in the C-terminal (designated by H8).* There are several GPCR families,
based on sequence similarity analysis: the rhodopsin receptors belong to the class A (which is the biggest
GPCR group), the secretin receptors belong to the class B1, the adhesion ones are the class B2 the glutamate
receptors belong to the class C, and finally, the last one is the class F (which includes the frizzled and
smoothened receptors). These receptors are involved in several cellular signalling processes, and are a major
target of approved drugs.>? Thus, the understanding of the structural features and molecular mechanisms
involving GPCR are of utmost interest in drug discovery and development pipeline.! Membrane proteins (MP)
are particularly difficult to isolate and crystalize, although in the last few years, with the improvement of
several experimental techniques, there was an increase of GPCR structures deposited in public databases.®
Nowadays, and according with GPCRdb statistics, there are about 500 GPCR structures and 75 GPCR-G-
protein complexes available, including structures of the same type of receptor or complex (updated in
30/12/2020).4° The majority of the GPCR-partner complexes were solved using cryo-electron microscopy
(cryo-EM).2
Despite the GPCR possess a typical structure, enunciated in the beginning, some differences can be spotted
particularly between different GPCR, mainly in the extracellular regions while the TM and intracellular regions
maintain structural conservation between different subfamilies.® Figure 1 shows some of these differences
between various GPCR classes.
Rhodopsin

receptors Secretin
—~ receptors

Venus
flytrap

Glutamate

Adhesion receptors

receptors

S
\ GPCR

autoproteolysis-
inducing domain
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Figure 1: Different GPCR classes and specific structural differences between them, including some functional
domains that are highlighted in this figure. Adapted from: Culhane, Kelly J. et al. Transmembrane signal
transduction by peptide hormones via family B G protein-coupled receptors (2015). doi:
10.3389/fphar.2015.00264

The N-terminus (extracellular region), for instance, differs significantly between different GPCR subfamilies
in terms of length, sequence and shape.’®*2 It is also relevant to note that the class A GPCR has, commonly, a
short N-terminus (with few exceptions) whereas the other subfamilies (particularly the class B2) have long
ones, however it is reported as being a cysteine-rich region, independent of the receptor class.*** They can be
unstructured, with no recognizable shape (class A GPCR), or they can also be globular.*? There is also a wide
spectrum of functional domains in the N-terminus and in the extracellular region, many of them are subfamily
specific. The class A has very few domains, like the leucin rich repeat region (present in the thyrotropin
receptor and others). This is in part due to fact that the N-terminus is very short, as previously discussed. The
class B1 receptors share, between them, the hormone binding domain. The conserved proteolytic domain or,
in other words, the GPCR autoproteolysis-inducing domain (GAIN) makes part of the class B2 receptors and
it has an important role in protein cleavage.®'® The glutamate receptors have a conserved region which is
designated as Venus flytrap motif due to shape it creates to accommodate the ligands during the coupling
process. Other features are conserved in almost all GPCR, like the disulphide bridge between the ECL1 and
the ECL2.™ Other conserved disulphide bridge is the one connecting the TM3 and the ECL2, this link stabilizes
the extracellular region even after receptor activation.!

The ligand binding pocket (in class A GPCR) also behaves differently according to the ligands it binds. Some
pockets close after the coupling process (like the rhodopsin receptor), others remain open which is linked to
the ligand hydrophobicity.!® The pocket deepness is also a differentiating factor, the p-2-adrenergic receptor
(B2AR) has a relatively deep pocket comparing with the A,, adenosine receptor (4,4AR), for example.?
Despite the extracellular area has some conserved regions, particularly subfamily-specific, the TM and the
intracellular region is generally more conserved in GPCR.8 The ionic lock is one of these conserved contacts
that is present in almost all GPCR. This is a salt bridge that connects the conserved E/DRY motif (in the TM3)
with the E-39 (using the Ballesteros-Weinstein numbering)** and is essential to stabilize the GPCR when it is
inactive.®>1® There are other conserved motifs in the TM region like the NPxxY (in TM7) and the WxP (in
TM5). The notable exceptions are the ICL3 and the C-terminus that can vary extraordinarily in length between
different GPCR.1012

1.2 Classic signalling and desensitization pathways

The classic signalling and desensitization pathways are well described in Figure 2.

14
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Figure 2: Classic GPCR signalling and desensitization mechanisms. Adapted from: Billington, Charlotte K. et
al. Signaling and regulation of G protein-coupled receptors in airway smooth muscle (2003). doi: 10.1186/1465-
9921-4-2

In order to trigger a signalling cascade is necessary that an agonist binds to the receptor in an area designated
by ligand-binding pocket, leading to a conformational change in the receptor structure (activation) opening a
pocket on the cytoplasmic side. The structure activation allows the coupling of heterotrimeric G-proteins or
arrestins. The classic perspective states that either G-proteins activate signalling cascades or arrestins activate
the desensitization pathway.!” The G-proteins are molecules divided into two main subunits, o and By subunits;
before receptor activation, the Go subunit has a guanosine-diphosphate (GDP) molecule attached to it (inactive
state), that is exchanged by a guanosine-triphosphate (GTP) after receptor activation.'® Upon ligand activation
the GPCR suffer conformational changes, in particular at the following TM segments: TM3, TM5, TM6 and
TM7, whereas the other TM apparently do not move, significantly, from their inactive state positions.* In
particular, the TM5 and TM7 inward and the TM6 outward movements are both critical to open the receptor
intracellular binding pocket in order to accommodate the a5-helix of the G-protein.®*® This is accompanied by
the cleavage of the ionic lock and the formation of other conserved contact occurs between the NPxxY motif
and the Y>-58, this is normally denominated as the water lock (hydrogen bond), and has a stabilizing role on
the active state structure.®1s

Several complexes have shown specific GPCR subdomains that have a preponderance to interact with G-
proteins. In general, the TM3, TM5, TM6 and the ICL interact directly with the G-proteins.?

As the G-protein couples to the receptor and induces a switch on the Ga subunit promoting the exchange of a
GDP by a GTP, this switch activates the G-protein and leads to the dissociation of the two main subunits, each

of one affecting different effector proteins (second messengers).®
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It is important to take into account that exists four different G-protein subfamilies (Gs, Gi/o, Gg/11 and
G12/13) and they are divided based on the a-subunit sequence similarity resulting in a total of 21 different G-
proteins.?’ Different Go. subunits can affect different effectors. There are several known different effectors
including adenylyl cyclase (AC) or phospholipase C (PLC).182° As consequence each G-protein subfamily has
a unique interaction with certain effectors, for example, Gi/o subfamily inhibits AC activity whereas Gs
subfamily stimulates AC#2, The AC activity modulation interferes directly with the cAMP intracellular levels
thanks to its enzymatic activity. This enzyme is capable of transforming ATP in cAMP. The Gg/11 subfamily
activates PLC'8. The G12/13 stimulates GTPase activity.?

Arrestins are another family of molecules that play a major role in the GPCR molecular mechanisms. They are
directly involved in the desensitization of GPCR, which is a major protective mechanism to defend the cells
from overstimulation. There are four different arrestins: arrestins 1 and 4 named as visual arrestins (as they
present only in the eye), and arrestins 2 and 3, considered non-visual arrestins.? These monomers are divided
in two domains (N-domain and C-domain), they are separated by an area filled with loops containing
hydrophilic residues, denominated by polar core. This region, in conjunction with the three-element region,
keeps the inactive state arrestin structure cohesive.?*2® To initiate this pathway there is an initial
phosphorylation of the receptor (normally the binding occurs in the ICL and the C-terminus regions)?’—2°,
which is mediated by G protein-coupled receptor kinases (GRK), allowing the coupling between the arrestin
and the receptor. This leads to polar core disruption and the arrestin C-terminus release.® Arrestins prevent
the coupling of the G-protein with the receptor, inhibiting the signalling cascade, mediated by the G-protein.?®
Then the receptor is internalized by clathrin-mediated endocytosis and can follow two different paths: being
recycled to the cellular membrane, to be used again, or be degraded by lysosomes.*

However, it is important to point out that many other independent signalling pathways were associated with

the coupling of arrestins to GPCR, and these systems are key to understand GPCR function.?®

1.3 Non-classic GPCR signalling pathways

Several new signalling pathways have been discovered that shaped our understanding of GPCR. Initially, it
was thought that only G-proteins could couple with GPCR and activate signalling cascades, modulating several
cellular responses as result.3! However, in recent years it was discovered that specific agonists can induce
different signalling pathways by promoting, preferentially, the coupling of certain transducers (G-proteins,
arrestins or GRK) with the GPCR.*> This phenomenon is named biased activation.332 The activation
mechanism can be explained by different receptor conformational changes induced by this biased ligands.3!
Evidence shows that the biased activation mechanism is more complex since the coupling of a biased ligand
or an allosteric modulator it is not necessary to trigger the receptor biased activation. There are other ways to
trigger this phenomenon such as coupling with specific molecules (e.g. intrabodies) from the intracellular side

of the receptor.®
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Even though GPCR are membrane receptors, it was demonstrated that they can activate signalling cascades
intracellularly via internalization mechanisms.®* Arrestins induce the clathrin-mediated endocytosis of GPCR
allowing the receptor internalization, the specific mechanisms underlying GPCR intracellular activation
depends on the specific GPCR class, for example, receptors belonging to the class A form a complex with
arrestin promoting the internalization via endocytosis (forming a clathrin-coated pit) and then they activate
effector proteins [extracellular signal-regulated kinases 1/2 (ERK 1/2)]. Unlike the class A, the receptors
belonging to the class B will bind with arrestin and form an endosome before the posterior activation of
effectors.! This difference can be explained by the different stability of the complexes.* Other intracellular
activation pathways involve: only arrestins to signal ERK 1/2 without the need to form an endosome containing
the complex; using G-proteins (coupled with the receptor) inside the cytoplasm to signal ERK 1/2 via cAMP
and other signalling pathways independent of internalization.®! In the classic signalling pathway GPCR
monomers signal G-proteins without any cooperation from other receptors, however this is being put in
guestion by new evidence showing that GPCR can cooperate together forming GPCR oligomers. Under these
circumstances some GPCR signal through different mechanisms comparing with GPCR monomers, for
example, they can use different G-proteins or use arrestin instead of G-protein.®

Under specific agonist activation some GPCR can also activate other membrane receptors (e.g.; epidermal
growth factor receptor (EGFR))®*®, this mechanism is called transactivation and until recently the majority of
GPCR capable to induce EGFR activation belong to the class A. There are two ways to activate it: GPCR
ligand-dependent or independent EGFR transactivation. The first way occurs with the normal GPCR activation
(with G-proteins) and then the G-protein subunits activate a specific protein named matrix metalloprotease
(MMP), this protein in its turn cleaves the epidermal growth factor (EGF), the EGF binds to the EGFR leading
to its activation. The second way does not have ligands, like the EGF, involved in the EGFR activation but
mechanisms still need to be further understood.*® The EGFR activation promotes the cell proliferation and
growth so new therapeutic strategies are being studied to block the transactivation process by inhibiting both
the receptor and the EGFR, for example.® Finally, there is another non-classic signalling mechanism called
biphasic activation where there are two distinct phases (in the temporal line) of signalling activity, mediated

by GPCR, and differentiated by their intensity and duration.®
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1.4 Opioid receptors

Opioid receptors (OR) are a group of GPCR divided into 4 different types: u (MOR), § (DOR), k (KOR) and
nociceptin (NOP) opioid receptors. NOP is distinguished from the other receptors, in this subfamily, in the
kind of the ligands it binds.® These receptors are present in two regions: central nervous system and
gastrointestinal tract. They belong to the rhodopsin-like receptors group (GPCR class A), when coupled with
specific agonists the opioid receptors can induce several cellular responses such as analgesia.***’ The analgesia
is a common effect in all OR but striking differences were found between different OR in the kind of singular
effects they produce when activated: for example the MOR causes respiratory depression, KOR causes
dysphoria and DOR reduces anxiety.®” The development of specific OR agonists is important in pain relief
studies.?*3¢3” The OR also have a regulatory role on the calcium levels in the cells. The receptor activation, as
said before, leads to the dissociation of the G-protein, the Gy subunit binds to the voltage-gated calcium
channels (VGCC) and cuts the calcium flux through the channel. The OR can also associate directly with the
VGCC, promoting the internalization of the complex and leading to a reduction of VGCC in the cellular
membrane.3®

Nonetheless, the prolonged use of opioids (constant stimulation) can increase the organism tolerance to these
compounds, reducing their important clinic effects. The opioid use disorder is the basis of the opioid crisis, a
huge socio-economic issue worldwide that is directly related to drug abuse.***° The detailed study of opioid
receptors is important to further increase the drug development speed in this area and to lead to new clinical
responses to this crisis.®*3® Beyond the generated tolerance by opioid abuse, there is an increasing difficulty
by the individual to stop consuming these drugs due to harsh symptoms provoked by the absence of these
substances in the organism. Some treatments are currently available to reduce the symptoms provoked by this
absence. The methadone, for example, is used as an alternative to heroin. This drug binds to MOR and stays
more time in the body than heroin. As consequence, there is a decrease of the absence symptoms resulting
from the addiction.*’

Other drugs like buprenorphine have a lesser stimulation degree (in MOR) than methadone, thus this drug
promotes less aggressive effects resulting from MOR activation. Naloxone actuates differently, being a OR
antagonist, this drug will block the OR activation. It is commonly used to prevent the dangerous consequences
of opioid overdose.®"“° Other allosteric modulators were also developed to avoid the opioid crisis problematic
such as the diterpene alkaloid ignavine (MOR modulator). This modulator is safer to use and can increase the

OR agonist efficacy without potential side effects.?
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2. Computational methodologies

2.1 Homology modelling

The fact that GPCR are MP makes them particularly difficult to isolate and obtain a reliable three-dimensional
(3D) structure. This is an obstacle and hampers further studies on these proteins and their physiological
function. Instead of using experimental techniques like the X-ray crystallography or the nuclear magnetic
resonance (NMR), with known limitations for this kind of proteins, the use of computational methods emerged
as an alternative way to build a protein model.** Currently, there are two main technical approaches to model
a protein: ab initio methods and homology modelling.*? If we have a protein with a sequence which has no
significant similarity with other proteins, with known structures, then is necessary to apply ab initio methods.
This approach predicts the protein folding taking into account that the best structure is the one that have the
lowest energy (native structure). This requires the use of force-fields that will predict the atoms behaviour.
This is very computationally exhaustive and normally is only used in small proteins.**

The homology modelling method consists in the prediction of a 3D structure of a protein, with an unknown
structure, based on another protein with a known structure (template), that has a certain level of similarity
between the amino acid sequences (>25-35%). Above this level is acceptable that both structures share a
similar folding. This process has some advantages comparing with the ab initio methods: can be used on large
proteins and has more accuracy.***3 The homology modelling process is divided into several steps (usually 4),
with the first one consisting of the choice of the best template. We need to take into account the sequence
similarity between the template candidates and the protein in study.*® Normally, this procedure is performed
by programs specialized in sequence alignments such as the Basic Local Alignment Search Tool (BLAST)*,
which does pairwise sequence alignments, or the ClustalOmega®® which does multiple sequence alignments
(MSA). The similarity parameter is the most important one but there are other factors to consider when we
choose the best template such as the structure resolution or the presence of other molecules (e.g. ligands)*.
The second step consists in the alignment between the target and the template sequence; the third step is where
the building of the model happens. There are several approaches to build a model, like the construction with
spatial restraints. In this case, the program will build a model respecting the stereochemistry resulting from the
chosen template.*“¢4” The other way to have a protein model is through a rigid-body assembly approach, in
this case the objective is to start this process by using conserved features present in the template. Such features
could be elements of secondary structure, in the model these regions will be assembled together, and the gaps
will be filled between them, #4348

Finally, we need to validate the constructed model, this step is important to estimate the quality of the model.
The main way to evaluate it is through the calculation of the protein free energy and compare it with a group

of proteins structures in native conformation (using, for example, Protein Structure Analysis (ProSA)
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webserver)*5° however some other methods could be used.? It is also important to mention that as the

percentage identity increases, between the sequences, the higher the quality will be of the final model.*

2.2 Molecular dynamics simulation

To study a system containing many particles there are 2 different approaches used in the computational
simulation area: Monte-Carlo (MC) and molecular dynamic (MD) simulations.552 MD simulations are a type
of computer simulations that use classical mechanics (molecular mechanics) to study the dynamic processes
behind a certain biological structure. A biologic structure is not a rigid entity and undergoes conformational
changes®® so the dynamic process represents nothing more than the change of the positions and velocities of
the atoms, from a system, throughout the simulation time. The follow-up of the dynamic process is important
because allows measuring several parameters of the biomolecule®, usually, these parameters are a function of
the position and the linear momentum (depends from the mass and velocity of the atoms) from the particles®,
hence the importance to understand the change of positions and velocities (particles trajectories) during the
MD simulation.>? This gives an instantaneous value of the parameter at a particular time but, in the end, the
objective is to average all the obtained values, at each time of the simulation, to obtain a final value of the
parameter (called time average).? This connection between the parameter (of thermodynamic basis) and the
particles trajectories is well described in the next equation®:

1 m
<A>= N A@nr
- @™ ")
=1
Equation 1: General equation to calculate thermodynamic parameters in MD simulations

The < A > represents the average value of the thermodynamic parameter, m is the number of timesteps of the
simulation, n is the number of particles of the system, A is the thermodynamic parameter value in a specific
timestep, p is the momentums and r the positions from the n particles of the system.>? Equation 1 represents a
general description of this connection, there are variations to this equation depending upon the parameter in
study.%? To obtain a time average from the parameter in study the MD simulation protocol (or algorithm)
usually follows these steps: system construction, energy minimization, equilibration and simulation.5*%* In the
construction of the system step, normally a molecule will be inserted in a simulation space, usually called a
box. The simulation box can have several shapes, being the cubic shape the most used one, to avoid the
boundary effect (due to the system size) the simulation box will be multiplied®, this is important because,
normally, the number of particles in the simulation is too small so a good part of the particles is interacting
directly with the boundaries of the simulation box, this strategy simply puts similar simulation boxes in each

direction of the original one so the closest particles to the boundary will not be affected by this condition.%? In
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the case of a biomolecule, it becomes necessary to mimic the real conditions where it is so nowadays there are
ways to fill the simulation box with a solvent (water)> using, for example, the Transferable intermolecular
Potential (TIP) models.*® In the case of opioid receptors (MP), there is an additional constraint in the first step
of the MD simulation which is the introduction of the lipid bilayer into the simulation, this poses the challenge
of the phospholipid choice. Usually, to reduce the simulation complexity, the phospholipids available are
simplified by using only two models of tail chains (palmitoyl and oleyl), the most frequently present chains in
phospholipids. However, other chain models can be chosen.® After the construction of the system and the
introduction of the thermodynamic parameters is fundamental to input the initial positions and velocities of
each particle of the system to initiate the simulation®>4, the original positions can be extracted, in the case of
a protein, from the structure file obtained by experimental methods (e.g. X-ray crystallography) or from a
model constructed by homology modeling®, the initial velocities can be obtained using the Maxwell-
Boltzmann distribution, represented in the following Equation 2:

m; _mivizx
P(v) = |Gomexp ()

Equation 2: Maxwell-Boltzmann distribution equation

Where k is the Boltzmann constant, m; is the mass of the particle i, v;, is the velocity of the particle i at the
direction x and T is the temperature. P(v;,) is the probability of the particle i has the velocity v;,. The
Maxwell-Boltzmann distribution is a Gaussian distribution (with the sinusoidal shape).®’

This allows the start of the last two steps: the system equilibration and the simulation. The equilibration is an
important feature, the initial positions and velocities of the system describe the original conformation of the
biomolecule, this step has as objective that the system reaches its equilibrium conformation before the
simulation starts®?, to do this is necessary to accompany the evolution of several thermodynamic and structural
parameters, during the equilibration, until they do not vary with time®?, this step is widely used to refine
structures (relaxation) coming from homology modelling techniques.®

The last step and the most important one is the simulation, the simulation is divided in timesteps, in these
sections of time it will be calculated the forces applied on each particle, this is important to predict the trajectory
of the particles in all timesteps, to do that is important to use Newton’s equation of motion®? described in the

Equation 3:

d®x;  Fyi
Fro E’FM = =VU(m)

Equation 3: Newton’s equation of motion
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The m; is the mass, U(r;) is the potential energy (sum of all interactions) and F,; is the force acting on the
particle i along the axis coordinate x;.52

In Equation 3 the forces applied on the particle are a function of the potential energy of the particle>*.

To calculate the potential energy of a particle there are series of equations (force fields) that characterize 2
different interactions in a biomolecule: bonded and non-bonded interactions.>***% The bonded interactions
can be further divided into 3 terms: bond stretching, valence angle bending and torsion angles. These

interactions are mathematically described by the following equations:
k
v =50~ l)?

Equation 4: Bond stretching term

k
v(6) =5 (6 - 0,)?

Equation 5: Valence angle bending term

v@) = Y 21+ (w—1)]

Equation 6: Torsion (dihedral) angles term

In the Equation 4 the k is the stretching constant of the bond, v (1) is the potential energy, [, is the bond length
at the equilibrium state whereas [ is the bond length determined in the timestep. For the Equation 5 the k is the
force constant of the bond, 6, is the valence angle at the equilibrium state, 6 is the valence angle determined
in the timestep and v(8) is the potential energy.>?

The Equation 6 represents the torsion angles between 4 consecutive atoms, in the case of proteins these torsion
angles could include the widely known phi (¢) and psi (¥) angles, among others.* The w is the torsion angle,
y , v(w) is the potential energy, n is the periodicity, y is the phase factor and 1}, is considered the energy
barrier to rotation.?

Furthermore, the non-bonded interactions represent electrostatic and van der Waals interactions between the

atoms, these interactions can be mathematically described by the following equations:

qaqp

Ucotoumb =
4me,r,
0'ab

Equation 7: Coulomb law equation (electrostatic interactions)
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Equation 8: Lennard-Jones potential equation (van der Waals interactions)

In Equation 7 the q, and q;, are the charges from atoms a and b, r,,;, is the distance between these atoms and
&, is the permittivity of free space.>® In the Lennard-Jones potential (Equation 8) the ¢ is the well depth
whereas the o is the collision diameter. The 7 is the distance.>>%*° These interactions represent the forces that
can actuate in an atom during a MD simulation, the sum of all these interactions give us the potential energy
of the system at a particular time.

After the calculation of the non-bonded and bonded interactions and the determination of the potential energy
it is possible to calculate the force in Newton’s equation of motion (Equation 3), this will be useful in the next
procedure.®® To predict the trajectory of the particles is fundamental to use a mathematical process (integration)
and apply it directly on Equation 3, this will give two solutions, one will determine the new position of the
particle and the other one will give the new velocity.>*

This procedure is repeated on each timestep of the simulation until the end, with this information is possible
to predict the thermodynamic parameter (time average), throughout the simulation, taking into account what
is stated above in Equation 1. It is important to refer that a MD simulation normally runs in a constant number
of particles, volume and total energy (thermodynamic parameters)®!, these parameters are computed in the
system construction step.

As said before the MD simulations use force fields with pre-determined parameters (see Equations 4,5,6,7 and
8) allowing the potential energy calculation between particles, they can be distinguished by the way these
parameters were determined.> Also, these force fields are normally referred to as having an empirical basis
because the parameters of their equations were obtained using experimental studies.®® The force fields can be
all-atom, united-atom or coarse-grained. While all-atom force fields provide the best description of the atomic
particles considering the existence even of the hydrogen atoms, thus requiring more calculations, united-atom
force fields are simpler because they do not consider the hydrogen atoms, uniting both carbon particles with
the respective hydrogens. Coarse-grained force fields are the simplest as they simplify the structure omitting,
for example, side chains. The advantages of this kind of force fields are the possibility of using larger
timescales for the simulation.®?

Several packages (containing force fields) can be used such as Chemistry at Harvard Molecular Mechanics
(CHARMM)®&  Assisted Model Building with Energy Refinement (AMBER)®, Groningen Molecular
Simulation (GROMOS) or Optimized Potential for Liquid Simulation (OPLS). AMBER is a package for MD
simulations (initially it was based on united atom force-fields) being the latest force fields developed for this
package: Parm99% and Parm99SB.5” The Parm99 uses a more accurate representation of the atomic charges,
they were derived using a model named Restrained Electrostatic Potential (RESP)%, the atomic charges are

used to determine the g; parameter (described in Equation 7). The Parm99SB is an attempt to improve the
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torsional parameters (Equation 6), the optimization was conducted using several glycine and alanine
conformations to approximate the molecular mechanics model to the respective quantum mechanics model.®’
The last iteration of OPLS package includes the OPLS-AA/L® force field, this force field revaluates torsional
parameters and non-bonded parameters (to all amino acids in dipeptide form) from previous force-fields
according to with quantum mechanics (QM) calculations®*®°. GROMOS still uses a united-atom approach to
this day, the GROMOS96™ force-field is a recent version of this package being optimized for alkanes, a group
of molecules widely present in biomembranes.™

So, the main difference between these force fields resides in the definition of the torsional, Coulomb (charges)
and Lennard-Jones parameters.*® The majority of these force fields are optimized for proteins, however, when
IS necessary to simulate a membrane protein there are currently reparametrized force-fields to simulate the
lipid bilayer components like the LIPID14™ or the CHARMM3672 force fields.*

The empirical force fields described above have several advantages, including the allowing of simple and fast
calculations of the potential energy but they lack the correct prediction of some phenomena that occur in real
life, like the bond breaking, so models that use QM take into account the presence of electrons in the atoms,
they are described, for example, with the density functional theory (DFT).®

2.3 Molecular docking

The molecular docking has the aim of providing the possible binding conformations between two molecules,
giving a unique score for each one. This computational area is very important in drug discovery studies.”™
These techniques can be applied protein-ligand, protein-nucleic acid and protein-protein complexes, each with
a unique set of features to study.’” Usually, a docking protocol can be defined by the following steps: search
for every possible ligand binding conformation (sampling) and evaluate them (scoring).”®"’

For protein-ligand docking, the first step uses docking algorithms that take into account the flexibility factor
from the ligand and, normally, maintain the proteins as a rigid monomer.”’” These algorithms are divided in
three groups: stochastic; deterministic and systematic. The systematic algorithms allow the ligands to be full
flexible, however this generates a greater number of possible candidates due to the fact that all torsion angles
(for each bond) are rotated in search for the best configuration. The deterministic ones imply that the best
conformation is directly dependent of the input structures. The stochastic algorithms are similar to the
systematic ones, but with a particular difference, instead of testing every possible rotation this method changes
randomly the rotation values in order to expedite the search.”"®

Protein flexibility can also be accounted, despite the challenges imposed by taking into account and numerous
methods incorporate this parameter in docking strategies like, for example soft, selective, ensemble and on-
the-fly docking.”®"” These docking methods can be divided into two small groups: one group considers protein
flexibility during the docking run, the other has a set of protein structures (with different conformations)
created before the docking.” Soft docking belongs to the second group, this method uses a relaxed Lennard-

Jones potential to avoid stereochemical conflict between the ligand and the protein allowing more
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conformation configurations in the protein binding pocket. This method is the simplest approach to protein
flexibility.”””® Ensemble docking also belongs to this group, however, uses a different strategy: the protein
flexibility is not restrained in the binding pocket, as what happens with soft docking, but the generated
conformations are built before docking (like soft docking), the objective is to construct a group of different
conformations of the same protein (the can be built using MD simulations), each conformation will be docked
against the ligand, although during the docking the protein conformation will not alter the respective
configuration.’”

Selective docking already belongs to the first group, the flexibility will be only considered in some binding
regions (side-chains) of the protein and will be tested during the docking.”® On-the-fly docking is the most
realistic approach to protein flexibility, this method considers the proteins, as an all, a flexible entity. There
are several ways to use this docking method like, for example: let the ligand dock with the protein (in a rigid
configuration) and then the protein will alter his conformation to test several different configurations.”

In Protein-Protein docking there are several approaches, depending on the docking algorithms applied: rigid,
semi-flexible and flexible docking.”®’*"® The rigid docking, which considers both structures as rigid
molecules™ (without movement in the backbone or side-chains), has the advantage of requiring less
computational calculations. Semi-flexible docking allows the flexibility of one of the structures (usually a
ligand), maintaining the other structure in a rigid format. Flexible docking allows both structures as flexible
molecules, being the best approach to binding real conditions but requires more computational calculations.”
The second step consists in giving a score to every binding configuration and assess them in order to find the
best one, this is accomplished through scoring functions.”®#° Several kinds of scoring functions evaluate these
energies like, for example: knowledge-based, force field-based or empirical-based scoring functions.®! The
first one predicts the quality through information coming from other complexes with known 3D structures,
however is limited by the structures available as primary information sources. The second one uses force fields,
to calculate the energy, in a similar way to the MD simulations. The last one uses specific data from other
experiences, with the intuit to determine the binding affinity, to calculate the binding free energy. These
functions, in general, are similar to those used to score the homology models.” The last decades were prolific
in the development of docking programs containing these two steps, these programs are, for example:
AutoDock®, GOLD?® or DOCK?®4, GOLD is a webserver that performs protein-ligand docking, allowing the
proteins to have some flexibility, thus being more accurate at predicting the best binding conformation. DOCK,

for example, uses energy minimization to each conformation, similar to the stochastic algorithms. ">:83-8

2.4 Normal mode analysis

Normal mode analysis (NMA) is an alternative method to study molecular dynamics, the objective of this
technique is to introduce oscillations in the molecule maintaining the same conformation (contrary to what
happens in MD simulations), this characteristic allows fewer calculations performed by a computer.8-% A

molecule or complex needs to be in the lowest energy possible (energy minimization) to perform this kind of
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analysis.®%87 Being at the lowest energy configuration indicates that the protein is close to the native
conformation or, in other words, near the equilibrium state. Each normal mode has its own specific frequency
(which is fixed for all atoms), so the protein oscillates with the atoms moving at the same frequency. Normally
the modes used to study dynamics correspond to the lowest frequencies. This happens because these range of
frequencies correspond to the biggest conformational changes in a protein.® This has obvious advantages
comparing with MD. Large proteins, for example, could be studied without expending large amounts of time
to perform the dynamic processes. Even more important is the structural changes that encompass large protein
sections such as helices, for example. These elements, normally, move at slower pace than individual
residues.®

One way to study protein dynamics through NMA is considering the structure as an elastic network model
(ENM), this model is even more simple than coarse-grained ones. In this case the a-carbons are the only atoms
represented in the structure and they are considered as a simple point. The points are linked by “springs”, this
simplifies the potential energy calculation by only considering the sum of the Hookean potentials (between
each pair of atoms) as the potential energy of the protein.%%
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3. Methods

A thorough review on the literature was proceeded in order to find all functional couplings between OR and
G-proteins. The obtained results can be visualized in Table 1.

Table 1: Specific OR/G-protein coupling based on scientific literature. Several experimental methods were used to assess
the different partners that each OR is capable to couple, such as: immunoprecipitation; pertussis and cholera toxin
treatment; antisense oligodeoxynucleotide administration or chimeric G-protein use, for example. The functional
couplings are marked by their respective references.

Receptors Functional couplings

DOR Gi1%; Gi2%; Gi3%; Go%; Gob%; Gz%%; G14%;
G15°%2%: Arrestin 2°4%: Arrestin 3%

KOR Gil1%; Gi2%; Gi3%; Go%; Gob%; Gz%; Gs(sh)®;
Gs(10)%"; Arrestin 2%; Arrestin 3%
Gi121’92’99’100; Gi221'92’99’100; Gi321’92'99’100;

MOR 6021,92,99,100; Gob21,92,100; G221,92,100; GS(Sh)lOl,lOZ;
Gs(l0)101102; Ggl%; G111°; G15%; Arrestin
2104 Arrestin 39610

NOP Gi1%; Gi2%; Gi3%; Go%; Gob%; Gz%; G121:
G14°2106: Arrestin 2197; Arrestin 3108

3.1 Homology Modelling (receptors)

Homology modelling was applied to all members of the OR family, three distinct structures were used as
templates: active KOR stabilized by a nanobody (human) (Protein DataBank ID: 6B73)%°; Muscarinic M2
receptor (M2R) bound to arrrestin 2 (human) (Protein Data Bank ID: 6U1N)% Neurotensin receptor 1
(NTSR1) bound to arrestin 2 (human) (Protein DataBank ID: 6PWC)!, Active KOR was used to model the
receptors for G-protein coupling, whereas the NTSR1 and M2R were used to model the receptors for arrestin
coupling. All templates were refined, removing the expendable monomers (nanobody, arrestins, ...), leaving
only the receptor structures (chain R in NTSR1 and M2R, chain A in KOR).

Target sequences were extracted from UniProt!? (UniProt sequence codes: DOR (human)-P41143; KOR
(human)-P41145; MOR (human)-P35372; NOP (human)-P41146; M2R (human)-P08172; NTSR1 (human)-
P30989) of the opioid receptor members, further refinement of the sequences was needed so it was cut the N
terminus and the C terminus for all sequences. The refined sequences (templates and OR) were aligned using

ClustalOmega®. This webserver provides very accurate MSA even with thousands of sequences as input. The
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objective was to see if the percentage identity values were reasonable enough to continue with these templates

(Table 2). After the alignment the templates were used for model building.

Table 2: Percentage identity between all OR, NTSR1 and M2R. The sequences were extracted from UniProt''? and
refined posteriorly. The data was obtained from ClustalOmega*> MSA program. The N-terminus and C-terminus of all
receptors were cut.

NTSR1 M2R DOR KOR MOR NOP
(human) (human) (human) (human) (human) (human)
NTSR1
(human) 100.00
M2R 20.86 100.00
(human)
DOR 24.74 26.07 100.00
(human)
KOR 26.39 27.40 68.49 100.00
(human)
MOR 24.21 26,52 70.99 69.52 100.00
(human)
NOP 27.02 25.09 59.39 61.17 58.90 100.00
(human)

The receptor homology modelling used MODELLER 9.21%47, The program requires an alignment between
each target sequence and the respective template sequence, was used ClustalOmega* results. Then, it was
defined the TM limits (Table 3) and the disulphide bridges in the OR. This is necessary because the
MODELLER 9.21 is based on the satisfaction of spatial restraints where is introduced data about the OR
structure, forcing MODELLER to perform the homology modelling without violating the imposed restraints*’.
100 models were built for each condition.
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Table 3: OR residue numbering for the first and last residues in each OR subdomain (TM, ECL and ICL) as defined for
the construction of the models.

TM1 | ICL1 | TM2 | ECL1 | TM3 | ICL2 | TM4 | ECL2 | TMS | ICL3 | TM6 | ECL3 | TM7 | H8
DOR | 64 4548 | 4978 7983 | 84118 | 119127 | 128154 | 155172 | 173210 | 211215 | 216-254 | 255259 | 260-288 | 289-302
KOR | 636 3740 | 4170 7075 | 76110 | 111110 | 120146 | 147-166 | 167-205 | 206210 | 211249 | 250253 | 254-282 | 283-205
MOR | 37 3841 | 4271 7276 | 77111 | 112120 | 121-147 | 148165 | 166-203 | 204208 | 200247 | 248251 | 252280 | 281-203
NOP | 37 3841 | 4271 7276 | 77111 | 112120 | 121147 | 148165 | 166-203 | 204-208 | 209247 | 248251 | 252280 | 281-203

The 100 constructed models were evaluated using different scores (the scores values, for each condition, are
located in Annex 1 to Annex 3). A pre-selection, of the 20 best models, was realized using Discrete Optimized
Protein Energy (DOPE) score.!*® This is a statistical potential constructed thanks to information (residue
distances) derived from hundreds of native structures, this potential is correlated to the free energy of the
protein which is tied to the quality of the model given that the lowest free energy belongs to the template.
Other parameter, the molecules probability density function (molpdf)*’ also known as MODELLER objective
function was used. The ideal is that the best model has the lowest values for these two last parameters. The
ProSA webserver derived Z-score®® identifies models with possible errors in the structure. This score is
calculated through a potential similar to the DOPE score principle and determines the difference between
model energy and an average of structures energies experimentally resolved. These last three scores are more
suitable to soluble proteins. The last parameters (LGscore* and MaxSub*'®), which are derived from Protein
Quality (ProQ)*® webserver, are based on the superimposition between the model and the template structures.
The Root Mean Square Deviation (RMSD) is calculated between all equivalent residues and incorporated in
specific equations. The target sequences were submitted to PSIPRED!’ web service to determine their

secondary structure, this information was incorporated during the calculation of LGscore!** and MaxSub.*®

3.2 Homology Modelling (partners)

Homology modelling, of G-proteins and arrestins, was applied for the following partners: Gil, Gi2, Gi3, Goa,
Gob, Gz, Gs(lo), Gs(sh), Gq, G11, G12, G14, G15, arrestin 2 and arrestin 3. Partner sequences were extracted
from UniProt (UniProt sequence codes: Gil (human)-P63096; Gi2 (human)-P04899; Gi3 (human)-P08754;
Go (human)-P09471-1; Gob (human)-P09471-2; Gz (human)-P19086; Gs(lo) (human)-P63092-1; Gs(sh)
(human)-P63092-2; Gq (human)-P50148; G11 (human)-P29992; G12 (human)-Q03113; G14 (human)-
095837; G15(human)-P30679; arrestin 2 (human)-P49407-1; arrestin3 (human)-P32121-1). The Gi protein

29



(chain A) from the Rhodopsin-Gi complex (human) (Protein DataBank ID: 6CMO)*8 was used as template to
the following partner models: Gil; Gi2; Gi3; Go; Gob; Gz; Gq; G11; G12; G14; G15. The Gs protein (chain
A) from the B2AR-Gs complex (PDB I1D:3SN6)!° was used to model: Gs(sh); Gs(lo). Finally, the arrestins
were modelled with the arrestin 2 (chain A) either from the NTSR1-Arrestin 2 (PDB ID: 6PWC)! or the
M2R-Arrestin 2 (PDB ID: 6U1N)° templates. The partner models were built using SWISS-MODEL.?° This
webserver performs homology modelling based on rigid-body assembly and in an automatic way, only

requiring the input of the template file and the target sequence, generating one correspondent model.*

3.3 Membrane construction and MD simulations (equilibration)

After modelling the receptors and partners the next step consisted in embedding the receptor models in a lipid
bilayer, upon extraction of the correct protein orientation inside the lipid bilayer from Orientations of Proteins
in Membranes (OPM)*2! webserver. The resulting .pdb file was submitted to CHARMM-GUI*22 webserver to
create a box containing the system (protein + membrane), water and ions. Lipids were added to the membrane
(1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and cholesterol (CHL)) in the following ratio
(POPC: CHL/9:1), the box was filled with NaCl ions (0.15 M).

MD simulations were performed for all models to relax the structures (equilibration), using GROMACS
2018.4'% package and CHARMM36 force field’ (all-atom force field). Each simulation was divided into 8
steps (each one with a duration of 50 nanoseconds) with protein and lipid restraint forces decreasing
sequentially.

3.4 Refinement of complexes

After concluding the equilibrations, the next objective was to combine the relaxed structures (receptor models)
with corresponding partners (G-protein and arrestin models) to form the complexes. To do that was used
superimposition templates. The OR-Gi/o complexes were formed using the Rhodopsin-Gi (PDB ID:
6CMO)!8, The OR-Gs with the B2AR-Gs (PDB ID: 3SN6)'*°, the OR-Gg/11 with either the Rhodopsin-Gi or
the Muscarinic M1 receptor (M1R)-G11 (PDB ID: 601J).1% The OR-Arrestins with either the NTSR1-Arrestin
2 (PDB ID: 6PWC)!! or the M2R-Arrestin 2 (PDB ID: 6U1N).M° This procedure was realized using
PyMOL.'?* Then, in order to refine the complexes was used the refinement tool of the High Ambiguity Driven

protein-protein DOCKing (HADDOCK).1?

3.5 Structural and Dynamic analysis

Several structural parameters, from the complexes, were analysed including: interhelical distances (TM3-TM6;
TM3-TM7), electrostatic distances, interacting residues, residue interaction percentages, hydrogen bonds
(HB), salt bridges (SB), solvent accessible surface area (SASA) and the number of surface or buried atoms.
The TM3-TM6 distance was measured between the residues 3.50 and 6.30, whereas the TM3-TM7 distance

was between residues 3.50 and 7.53 (using the Ballesteros-Weinstein numbering), this information gives an
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indication of the intracellular cavity flexibility when bound with different partners.'?” Electrostatic distances
were determined by Protein Interaction Property Similarity Analysis (PIPSA)*?8, this online program calculates
the electrostatic potentials from proteins and compares them. The University of Houston Brownian Dynamics
(UHBD)**® was used to solve the Poisson-Boltzmann equation in order to calculate the protein potentials
(under the following conditions: 300 Kelvin and an ionic strength of 50 millimolar) and then these results were
converted into distances and presented in a heatmap. All interacting residues (specifically the a-carbons in the
backbone) under 8 Angstroms (A) of distance, between each other, residue interaction percentages (residue
type and group) and SB, with a top limit of 4 A of distance between residues, were determined through Python
language scripts. The BioCOmplexes Contact MAPS (COCOMAPS)* is a webserver that analyses complex
interfaces and identified HB, in OR complexes, thanks to the HBPLUS program?®. It also determined the
SASA through NACCESS*®? program, this software uses a sphere that mimics the water molecule (solvent)
and introduces a van der Waals radius for each atom (in spheric form) from the receptor structure. The sphere
rolls through the receptor and any contacts it makes with the atoms (without clashing with neighbouring atoms)
allow to compute the SASA of the structure.™*® The InterProSurf!3* was used to determine the number of buried
and surface atoms in a complex interface.

All the charts were built using matplotlib®* package, for Python programming language, whereas the
interaction plots (interacting residues) were built using the circlize**® (in R). The ggplot2*®¥” (in R) was used
regarding the inter-helices distance map construction. In the end was conducted a dynamical analysis (using
NMA) to see the following characteristics of the complexes: flexibility change between the two respective
receptor structures (monomer and in complex) and fold changes occurring during structure fluctuations, also
between OR in monomer and OR in complex. Bio3d**® was used to evaluate these two parameters. This
package is specific for R programming language and is useful to compare protein structures by superimposing
them and discarding the regions where the residues have the most conformational variation. This allows to
identify the core regions. The flexibility changes were determined based on the Bhattacharyya coefficient
(BC), this is a score that measures the similarity between two structures. As the BC value increases the higher
the similarity, between the structures, will be.** Finally, the flexibility change values were used to build a two-

dimensional map trough multidimensional scaling (MS) method.4
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4. Results and discussion

In total 57 different OR-Partner complexes were analysed: DOR-Arr2_6PWC; DOR-Arr3_6PWC; DOR-
Arr2_6U1IN; DOR-Arr3_6ULN; DOR-Gil; DOR-Gi2; DOR-Gi3; DOR-Go; DOR-Gob; DOR-Gz; DOR-
G14_6CMO; DOR-G14_60lJ; DOR-G15_6CMO; DOR-G15_601J; KOR-Arr2_6PWC; KOR-Arr2_6U1N;
KOR-Arr3_ 6PWC; KOR-Arr2 6U1IN; KOR-Gil; KOR-Gi2; KOR-Gi3; KOR-Go; KOR-Gob; KOR-Gz;
KOR-Gslo; KOR-Gssh; MOR-Arr2_6PWC; MOR-Arr2_6U1IN; MOR-Arr3_6PWC; MOR-Arr3_6UILN;
MOR-Gil; MOR-Gi2; MOR-Gi3; MOR-Go; MOR-Gob; MOR-Gz; MOR-Gslo; MOR-Gssh; MOR-
Gg_6CMO; MOR-Gg_601J; MOR-G11_6CMO; MOR-G11_60lJ; MOR-G15_6CMO; MOR-G15_60lJ;
NOP-Arr2_6PWC; NOP-Arr2_6U1N; NOP-Arr3_6PWC; NOP-Arr3_6U1IN; NOP-Gil; NOP-Gi2; NOP-
Gi3; NOP-Go; NOP-Gob; NOP-Gz; NOP-G12; NOP-G14_6CMO; NOP-G14_60lJ. In some cases, a
distinction was made between complexes with the same proteins but modelled or superimposed with different

templates. These templates are referenced by their respective Protein Data Bank (PDB) codes.

4.1 Structural analysis

4.1.1 Interhelical distances

An analysis of interhelical distances was made with the purpose to measure the differences in TM3-TM6 and
TM3-TM7 distances in order to evaluate the consequences, in these parameters, of different partner couplings.
Figure 3 shows that when OR couples with Arrestins 6ULN partners they lead to higher TM3-TM6 and TM3-
TMY7 distances, when comparing with OR-Arrestins 6PWC. The only exceptions to this observation are the
NOP-Arrestins complexes. Although NOP_Arrestins 6ULN have higher TM3-TM6 distance, they display a
slightly lower TM3-TM?7 distance in comparison with NOP-Arrestins_6PWC. Overall, it is important to note
that both highest and lowest TM3-TM7 differences are observed for KOR complexes, when coupled with
Arrestins 6ULN and Arrestins. 6PWC, respectively. On the other hand, concerning TM3-TM6 distance, the
highest difference is also verified for Arrestins_ 6U1N, when complexed with NOP, while complex KOR-Gob
displays the lowest TM3-TM6 distance. Another difference was observed, in interhelical distances, by using
different superimposition templates. The OR-Gg/11_60IJ have higher TM3-TM6 and TM3-TM?7 distances
than OR-Gg/11_6CMO.

Regarding the G-protein subfamilies, they are generally clustered together, clearly separated from Arrestins.
However, in MOR complexes there is more dispersion throughout the TM3-TM7 distance axis. Other
exceptions are noticed like, for example, the KOR-Gs complexes, in these cases they are further away from
the respective OR-G-protein clusters. All These clusters concerning OR-G-protein complexes seem to be

present in a narrow range of TM3-TM6 distance (between 13,5 A and 15 A).
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Figure 3:TM3-TM6 and TM3-TM?7 interhelical distances in all OR-Partner complexes. These distances were

measured between the residues 6.30, or 7.53, and 3.50 (using the Ballesteros-Weinstein numbering)**. Each OR

has a specific colour, indicated in the map. The map was built using ggplot2'* (in R programming language).
These results show unusual differences when comparing with other GPCR studies. Upon ligand coupling, the
GPCR is subjected to conformational changes that allows the intracellular cavity opening. Resolved structures
from GPCR in active state show that some of these changes are conserved. For example, the TM6 outward
movement is considered as a characteristic motion of the GPCR activation process.'>'%! The extension of this
movement is different depending upon the partner, being the TM6 displacement more pronounced when the
GPCR couples with Gs, compared with other G-protein subfamilies, and even more in comparison with A
rrestins.!'®142 However, the interhelical distances map showed the opposite. In general, the OR have a higher
TM3-TMBG distance when coupled with Arrestins than when they are coupled with G-proteins. This assumption
directly clashes with the literature. This problem can possibly be template-based (G-protein coupling). The
template, in this case, is the KOR, in active state, stabilized by a nanobody. It is known that, in some cases,
when the GPCR is stabilized by a peptide, or nanobody, the TM6 movement is smaller when comparing with

GPCR-partner complexes.**- This is confirmed by the resolved structure of the rhodopsin (opsin) (PDB ID:
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4ZWJ) comparing with B2AR-Gs (PDB ID: 3SNG6). In the opsin-peptide complex the TM6 displacement is
smaller (6 A) than the displacement promoted by the B2AR-Gs complex (14 A).}914 Another example is the
difference in TM6 movement between the same B2AR-Gs complex and B2AR-nanobody. 110144
OR-Arrestins 6PWC complexes have a more pronounced TM7 inward movement than OR-Arrestins 6U1N.
Exceptionally, NOP-Arrestins seem to have a similar TM7 displacement between the two groups. The OR-G-
protein complexes also have a smaller TM7 inward movement than OR-Arrestins 6PWC, following the same
pattern of the OR-Arrestins 6ULN.

There are two possible strategies in order to overcome the discrepancies observed in OR-G-protein complexes
results. The first possibility is to use a different template to modulate the receptor in G-protein complexes.
Ideally, it should be used an active state of human OR structure. Since it is not available, it could be used one
from different species. Another suitable hypothesis as a OR template could be a different GPCR from the class
A. Nevertheless, it needs to have a reasonable sequence similarity with OR in order to produce good and
reliable homology models. Other alternative is to submit these complexes to extensive all-atom MD
simulations. In another study, using a OR bound to Gi, it was found that when the complex was submitted to
a long MD simulation the TM6 outward movement was 3.2 A. The total distance, between TM3 and TM6,
went from 13.7 A to 16.9 A. It is important to note that this complex was modelled using a KOR template
stabilized by a nanobody. The TM3-TM6 distance from the starting structure is very similar to the results
obtained in this work, regarding the OR-G-proteins. The only difference is the displacement provoked by the

MD simulation.'*®

4.1.2 Electrostatic distances
Electrostatic distances are represented by a heatmap with a colour scale. The lowest distances are represented
by the red colour whereas the highest ones are represented by the purple colour. Furthermore, there is a
similarity tree, above and at the left of the heatmap, with multiple branches that adds more visual information.
The OR-Gi/o complexes are grouped in the same branch with the exception of the OR-Gz, which is separated
and fairly distant from its group. Only KOR-Gi/o (Annex 4-Figure C) has all complexes in the same branch.
In some cases, the two groups of OR-Arrestins are in different branches (DOR (Annex 4-Figure A) and MOR)
whereas in others they are in the same one (KOR (Annex 4-Figure C) and NOP (Annex 4-Figure B)). The
same can be applied to OR-Gqg/11, where the different groups (superimposed with different templates) are in
distinct branches, with no exception. All OR-Gs complexes have low, in general, electrostatic distances in
comparison with their subfamily relatives. NOP-Gz seems to be the more related complex with NOP-G12.

Figure 4 represents the electrostatic distance heatmap for MOR-Partner complexes.
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Figure 4: Electrostatic distances from all MOR-Partner complexes. The heatmap was built using PIPSA!%®
online server and the distances are marked by different colours. In the equation D, ,, represents the electrostatic
distance between complex a and b. SI, }, is the similarity index between the two complexes, calculated from each
structure electrostatic potential.1?®
Apparently, the use of different superimposition templates has a great impact on the electrostatic distances,
even with the use of the same homology modelling templates. This significantly affects the OR-Gg/11
complexes, for example. OR-Arrestins, on the other hand, despite using different modelling templates are in
the same branch in half of the heatmaps. Figure 4 clearly shows these discrepancies where the MOR-
Gg/11_601J are more related to MOR-Gs than MOR-Gg/11_6CMO. At the same time, the MOR-Arrestins
complexes are clustered differently. Regarding the OR-Gi/o and OR-Gs, these complexes show to be clustered
by subfamily, being OR-Gz one exception. This is in agreement with a similar study englobing the dopamine
receptor family, in which Gz complexes seem to be less related to the remaining OR-Gi/o subfamily partners.

This is probably explained by the biggest phylogenetic distance of Gz among this G-protein subfamily.4
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4.1.3 OR-Partner interactions

As stated before, interaction plots were built in order to disclose specific interaction patterns between OR-

Partner complexes. In terms of residue numbering (receptor) the TM residues follow the Ballesteros-Weinstein

numbering!*, whereas the ICL residues follow the Table 3 numbering. In the case of the partners the residues

follow the GPCRdb*® numbering. The interaction pattern symbology chosen to this study has some rules: the

residues that participate in the interactions are defined by the one-letter amino acid code, in which only the

first and the last residue have the respective numbering; “x symbol represents an amino acid position that

does not interact but connects different interacting amino acids inside the same subdomain.

The two tables (Table 4 and 5) below show the main specific interaction patterns for OR-Partner complexes.

Table 4: Specific interaction patterns in the OR

Interaction patterns

Complexes

R3'50X2A _ V/13.54

OR-Arrestins 6U1N; OR-Gg/11 6CMO; OR-

Gg/11_601J
A=V /1354 OR-Gi/o
A333y OR-Gs

V113/114/121/1114x2LD117/118/125

OR-Arrestins 6PWC

P112/113/120 _ V/I _ K/RX2D117/118/125

OR-Arrestins 6ULN

p112/113/120 _ V/IszD117/118/125

OR-Gg/11_601J; OR-Gs

§207/209/214 OR-Gi/o; OR-Gg/11_6CMO
LSG?08/210 OR-Gs
E®25x,1x,M /L1536 OR-G14_60IJ; OR-G15_60IJ
E®25Kx,NLRRI®33 OR-Gs
D&YE OR-Aurrestins_6PWC

L7.56 _ D8.47ENF

OR-Gilo

L7.56 _ D8.4-7EN

OR-Gg/11_6CMO; OR-Gs

Y7.53x2L7.56 _ D8.4-7ENF

OR-G14_601J; OR-G15_601
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Table 5: Specific interactions patterns for G-proteins and Arrestins partners

Interaction patterns Complexes
R33/37/40 _R/G OR-Gg/11_601J
DO7/68x,y171/72 OR-Arrestins_6PWC
y©63/64 _ G64/65x, DVLGL73/7* OR-Arrestins_6U1IN
N194/198/Sl98/K201 _ 1195/199/V199/T202 OR-GQ/ll_GO”
F244/245 _ N /S OR-Arrestins_6PWC
R285/286(; OR-Arrestins 6U1N
E318/319xY _ T321/322/C321/S322 OR-GI/O
V319/I323/R338 _ I/L _ Y/F _ 5322/326/341 OR-GQ/ll_GCMO
V3191323 /R338 OR-Gg/11_601J
§335/349Tx GD(Gx, Y 344/358 _ (345/359y OR-Gs
D341/342y, [y, N347/348 OR-Gi/o
D342/346/361y | x, — NJY — Lx, — F/Y/I OR-Gg/11_6CMO
_ NL354/358/373
K341/345 JR360yx, —I/V — Lx, —N/Y — L — R/K/D OR-Gg/11_601J
—E—FJY/I - N 1,354/358/373
R306/380x, [Qx, HLRQYELL380/3% OR-Gs

4.1.4 OR-Arrestins interaction plots
The OR subdomains that interact with Arrestins modelled with NTSR1 (Arrestins. 6PWC), are the ICL2, TM6
and H8 in all cases, while the TM2, TM3, ICL2, TM5 and TM6 are the prevalent interacting OR subdomains
when modelled with M2R (Arrestins_6U1N). There are no interactions with the TM1 subdomain for any
complexes containing Arrestins. Concerning specific subdomain interactions, the ICL1 interacts with Arrestins
(finger loop) in only three complexes, all modelled by the NTSR1 template, through the K*! amino acid. TM2

also interacts with the finger loop of the Arrestins (through T2-39 residue) in almost all complexes, with the
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exception of DOR-Arrestins_ 6PWC (Figure 6 and Annex 5-Figure A) and KOR-Arrestins_ 6PWC (Annex 6-
Figures A and B). The TM3 seems to be involved in interactions mainly in OR-Arrestins_ 6U1N complexes.
For OR-Arrestins_6PWC complexes, TM3 only interacts with KOR-Arrestins_6PWC complexes (through
AV3>* residues). In the OR-Arrestins_6U1N complexes the interaction pattern (R3%x,A — V /13>%) differs
slightly from KOR-Arrestins_ 6PWC. This subdomain interacts with the finger loop domain, this conception

does not apply to NOP-Arr3_6U1N where it was observed that the TM3 interacts also with the C-loop, as can
be seen in Figure 5.

m Triple element

b Polar core

@ Finger loop

@ Middle loop

@ C-loop

@ Lariat loop

M Not defined domain

m T™1
m T™M2
T™3
m T™M4
m TM5
m TM6
m TM7
m ICL1
m ICL2
m ICL3
m H8

n Other

Figure 5: Interaction plot of the NOP-Arr3_6UL1N complex. Several motifs (specific interaction patterns) are
represented in this plot, such as: the TM3 motif (R35°x,A4 — V /I35%) or the ICL2 motif (P112/113/120 —_y /] —
K /Rx,D'17/118/125) | jke all interaction plots, this one was built using circlize.'3®

The ICL2 interacts in all OR-Arrestin complexes with similar interaction patterns, namely V113/114/121
[Y4x, . D117/118/125 for OR-Arrestins 6PWC and P112/113/120 _y /1 — K /Rx,D'17/118/125 for OR-
Arrestins_6U1N. Figure 6, which has the interaction plot of the DOR-Arr2_6PWC complex, shows the
interaction of 1ICL2 with arrestins C-loop (F244/245 — N /S motif). This is a common interaction for all OR-

Arrestins_6PWC. For KOR complexes and MOR-Arr2_6PWC (Annex 7-Figure A) ICL2 also interacts with
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the finger loop. This marks a difference to OR-Arrestins_6U1N complexes, in which the ICL2 interacts with

the finger loop and the lariat loop (R?85/286G motif).

m Triple element

m Polar core

@ Finger loop

@ Middle loop

@ C-loop

@ Lariat loop

I Not defined domain

m T™M1

m T™M2
m TM3
m TM4
m TM5
m TM6
m TM7
m ICL1
m ICL2
m ICL3
m Hg

n Other

Figure 6: Interaction plot of the DOR-Arr2_6PWC complex. In this case ICL2 interacts only with C-loop
through a specific interaction pattern (V/113/114/121 /114y ] p117/118/125 mqif),
Not a single interaction was observed between TM4 and Arrestins subdomains. TM5 interacts, in all OR-
Arrestins_6U1N complexes (R5¢%), with the C-loop (F244/245) and finger loop. On the other hand, there is no
presence of interactions involving this subdomain in OR-Arrestins_6PWC, with the exception of both KOR-
Arrestins 6PWC complexes. Remarkably, the ICL3 does not interact in NOP-Arrestins_6PWC (Annex 8-
Figures A and B) and KOR-Arrestins_ 6U1N (Annex 6-Figures C and D), being present in all other Arrestins
complexes.
In all OR-Arrestins complexes, TM6 is involved in interactions through a common residue (S/N¢29). This
residue interacts majorly with the finger loop. L7-°° is also an amino acid widely present in OR-Partner
interactions including OR-Arrestins, however, there are a few exceptions like the MOR-Arrestins 6U1N
(Annex 7-Figures C and D) and NOP-Arr3_6PWC (Annex 8-Figure B). L7 is interconnected with the
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remaining interacting residues from the H8 helix (D84”E for OR-Arrestins. 6PWC and D87 for OR-
Arrestins_6U1LN, except for KOR-Arrestins_ 6U1N and MOR-Arr3_6U1N).

From the Arrestin side, beyond the already mentioned interactions with C-loop and lariat loop, the majority of
the interactions occur with the finger loop. There are distinct interaction patterns for OR-Arrestins_ 6PWC
(D®7/68x,VL71/72) and OR-Arrestins_ 6UIN (G®*/5x,DVLGL73/7*). In all cases, the finger loop
interacts with several OR subdomains at the same time.

Some interesting features are shown in OR-Arrestins interactions. One of the most evident differences between
OR-Arrestins_6ULN and OR-Arrestins_6PWC is the number of interactions between the receptors and the
partners. Clearly, the latter complex group has a smaller number of interactions comparing with the former.
The same was observed in the dopamine receptor family.*® This could be related with the 90° rotation of
Arrestin 2 in NTSR1-Arrestin 2 structure comparing with M2R-Arrestin 2. At the same time, the finger loop
is the most interacting subdomain for both complex groups. This reflects the way the arrestins interact and
couple with OR. Other studies showed that after receptor recognition by the arrestin (through the
phosphorylated C-terminus), the finger loop would insert in the intracellular cavity interacting with several
receptor residues, changing the inactive conformation to a more extended one (active state). However, remains
to be seen if this behaviour is common in all GPCR-Partner complexes,110-111.147.148

It is reported, in the NTSR1-Arrestin 2 structure!'! (PDB ID: 6PWC), that the finger loop makes part of the
complex interface. The finger loop, in this structure, makes contacts with TM7 and H8 through several
residues, ranging between the E©6 to L71. In OR-Arrestins_6PWC complexes (D847 E motif) the L68/6° residue
is only involved in interactions in the KOR-Arrestins 6PWC, being absent from the other ones. Furthermore,
the L68/69 residue, in KOR-Arrestins 6PWC, bounds to TM3. Although D®7/68 hounds to TM7 and H8
residues in almost all complexes, the KOR-Arrestins_ 6PWC shows a different behaviour. D7/68 beyond the
already shown interactions, also interacts with TM3 and ICL2 in these two complexes (ICL2 only interacts
with this residue in the KOR-Arr2_6PWC). In the NTSR1-Arrestin 2 structure it is reported that the TM5,
TM6, ICL1 and ICL2 surround the finger loop in the intracellular cavity, however, as shown before, in some
complexes the finger loop interacts with other OR subdomains. This differences between the modelling
template and the KOR-Arrestins_ 6PWC are noteworthy. It is likely that the NTSR1-Arrestin 2 structure
represents only one possible conformation of the complex. Moreover, it is referred that the Arrestin 2 does not
insert so deeply comparing with the visual arrestin. Therefore, the interactions between this Arrestin
subdomain and TM7-H8 residues are far more dynamic. This hypothesis can possibly explain the different
behaviour seen in KOR-Arrestins 6PWC. Other interactions with TM5 were observed in OR-
Arrestins_6PWC, even though in the template interface there are no interactions of this kind. On the opposite,
the TMG6 interacts uniquely with the finger loop, which is in line with the template 6PWC. Some complexes
have direct interactions between TM5 and the finger loop, although the NTSR1-Arrestin 2 does not have

residues from these two subdomains interacting with each other. The ICL1 (K **) interacts with the finger loop
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in some complexes but is absent from others. These differences, as said before, could be linked with the
significant dynamic of the finger loop in the complex interface.'!

Other significant differences were seen in the complex models, when comparing with the NTSR1-Arrestin 2
modelling template. The Arrestins in OR-Arrestins. 6PWC appear to interact with ICL1 in only three cases
and all of them are interacting with the finger loop, therefore implying that, for the other cases, the ICL1 does
not have a role on interactions with OR, unlike what happens with the template. The ICL2, on the other hand,
is present in all complex models, establishing interactions with finger loop and C-loop, instead of the lariat
loop as reported in the template. This draw the hypothesis that ICL2 is not deeply inserted into the reported
cleft (with middle loop, bottom loop and lariat loop), present in arrestin, and interacts with finger loop present
in the intracellular cavity. However, further studies involving long MD simulations will be necessary to better
understand the structural and dynamic behaviour of this loop and its interaction with Arrestins. The ICL3
interaction pattern is in agreement with the NTSR1-Arrestin 2 structure, even though only one interacting ICL3
residue is involved in interactions, in all cases. This is a remarkable difference to other GPCR, with long ICL3,
where there are multiple ICL3 residues interacting with the receptor, pointing out the different ways of the
arrestin recognition, 11142

The OR-Arrestins. 6UIN have a more embracing finger loop motif (Y©3/6% — G64/65x, DVLGL73/7%)
comparing with the OR-Arrestins_ 6PWC (D®7/98x,VL71/72). This is aligned to the differences found in both
templates regarding the finger loop interactions. In the NTSR1-Arrestin 2, the finger loop interacts through a
small handful of residues with TM7 and H8 (as stated before), while the M2R-Arrestin 2 finger loop has more
interacting residues and, at the same time, interacts with more GPCR subdomains. Like the template, two
particular interactions seem to be conserved in all OR-Arrestins_ 6U1IN and includes E/DRY motif (TM3)
residues: the interaction between D%/7% and T23° or V7°/71 and V35, The change of R3% (in NTSR1) by
a V% (in OR) seems do not affect the interaction profile.!’® On the other hand, the interaction with E848
(NPx,YxF motif) is absent in OR-Arrestins_ 6U1N but it is present in the other Arrestin complex group.24®
The finger loop motif interacts, extensively, with TM6, TM5, TM3, TM2 and ICL2, giving a possible
indication of the OR subdomains surrounding the intracellular cavity. The template structure also refers to the
ICL2 special positioning inside a hydrophobic cleft between the two Arrestins domains. The results obtained,
in the modelled complexes, show that ICL2 interacts with residues from both domains confirming the authors
conclusions.'® The V2 vasopressin receptor (V2R)-Arrestin 2 complex crystal implied the possibility of
conformational change and engagement of the middle loop with the receptor residues, however these results
show no interactions containing the middle-loop. However a different conformation may be adopted by V2R-
Arrestin 2 changing the interaction profile comparing with the complexes in study.?64

A comprehensive work published by Mafi et al., using multiple biased and nonbiased agonists, showed that
ICL2, ICL3 and TM6 are crucial to stabilize the OR-Arrestin complex through polar interactions (hydrogen
bonds and salt bridges). Even more important, they affirm the existence of two salt bridges that appeared in

two different complexes, one with a full agonist and the other with a partial agonist. These interactions have
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ICL2, ICL3 or TM6 participation. The paper reported strong affinity between the ICL2 and the Arrestin 3
(complex with full agonist). This affinity is reflected by the formation of a group of polar interactions that
stabilize and regulate arrestin binding, which may be a possible explanation for the fact that almost all ICL2
residue interact with Arrestin in OR. This is valid for both OR-Arrestins_6PWC and OR-Arrestins_6U1N.
One particular interaction, between ICL2 (D?/8/123/127 and the lariat loop (R?%%/%56), seems to be conserved
in OR-Arrestins_ 6ULN which is not verified in OR-Arrestins 6PWC. This linkage is crucial to connect both
components of the complex and allows the finger loop to establish other polar interactions with the receptor.
The other interactions, with finger loop participation, combined with the results found in this study confirm a
conserved group of interactions, further validating the paper results. The authors affirm that the D67/8 residue
participates in a hydrogen bond formation with 727, however, in OR-Arrestins_6PWC it seems that D°7/68,
as said before, interacts with multiple OR domains but not with the TM2. On the other side, OR-
Arrestins_6U1N have a similar residue playing that role, the D°/7° which could form a possible hydrogen
bond with the TM2 residue. In some cases, other residues like the T238 or the T2 also interact with D®%/70
at the same time. It is possible that they also form hydrogen bonds with the finger loop. Altogether, the different
results presented by the OR-Arrestins_6PWC, might be derived from the different conformation of the arrestin
when comparing with OR-Arrestins_6U1N. The authors used, as template, the rhodopsin-visual arrestin
structure (PDB ID: 5WOP)*° which has a similar conformation to the M2R-Arrestin 2 structure.

The D®7/68 interacts, extensively, with H8 residues. Particularly, the interactions with N84°, E848 or D847
may form hydrogen bonds with D7/68 in order to stabilize the complex. Nonetheless, some interactions
reported by the authors are not verified in this study like, for example, the interaction between R119/120/127
(in ICL2) and R®5/¢ (in finger loop). This interaction is important because allows the reorientation of D¢7/68
or D®%/7% in order to form the hydrogen bond with the TM2. These complexes may have a different interaction
that proportionate the reorientation of the residue.#’

The second salt bridge was not verified in OR-Arrestins complexes, although there is the presence of a possible
hydrogen bond between [206/208/213 ;]207/209/214 (jn |CL3) and K77/78 (with the exception of KOR-
Arrestins 6ULN and MOR-Arrestins 6U1N) in OR-Arrestins. 6U1N. Furthermore, a second hydrogen bond
(also consequence of the salt bridge formation) may possible be present in OR-Arrestins_ 6U1N but was not
verified in the other complex group (OR-Arrestins_6PWC). The interaction between K77/78 and V598 (with
the exception of NOP-Arrestins. 6U1N (Figure 5 and Annex 8-Figure C)) adds more proof to the presence of
a second salt bridge.

The authors also used a different complex, with a partial agonist, and found a different interaction (salt bridge)
containing a ICL3 residue (R?%4/206/211) instead of the TM6 residue. In fact, the arginine is present in some
complexes, surprisingly even in some OR-Arrestins_ 6PWC, but interacts with residues from the N-domain

instead of the C-domain, contrary to what happens in the complex with the partial agonist. Nevertheless, to
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produce any conclusive evidence is necessary to submit the complexes to a long MD simulation to have a more

definitive proof about the type of interactions established between each OR-Arrestin complex.t4’

4.1.5 OR-Gi/o interaction plots

The Gi/o group comprises 24 complex models in total, in which the prevalent interacting OR subdomains are
the TM3, ICL3 and H8. No interactions involving the ICL1 and TM1 are reported for this subgroup. 723 and
T237 amino acids are the TM2 residues that participate in interactions with Gi/o proteins (H5 subdomain).
Nonetheless, these residues do not appear in OR-Gz, DOR-Go (Annex 9-Figure C), KOR-Go (Annex 10-
Figure D) or NOP-Gi3 (Annex 12-Figure C) complexes. TM3 interacts through a common interaction pattern
(A—V /135%) for all Gi/o proteins. These residues interact with H5 subdomain like what happens with TM2.
The ICL2, with a few exceptions (DOR-Gz (Annex 9-Figure E) and MOR-Gz (Annex 11-Figure F)), also
shows interactions with other G-protein subdomains ( P112/113/120 gpg y113/114/121 /1114) " Besides the
interactions with H5 subdomain there are also particular interactions between V113/114/121 /1114 gnd hns
subdomain (R/K3?) in some complexes.

TM5 (V598) interacts with H5 subdomain except in 3 MOR-Gi/o complexes. The ICL3 (§207/209/214¢)
interacts with multiple G-protein subdomains (h4s6, S6 and H5) with a specific interaction pattern. 16-33 is the
TM6 residue commonly present in this subgroup (except OR-Gz complexes). Lastly, the TM7 and H8 share
an interaction pattern (L7-°¢ — DENF?®509) with the exception of OR-Gz complexes. As stated before, the H5

subdomain interacts with multiple OR subdomains simultaneously, as can be seen in Figure 7.
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Figure 7: Interaction plot of DOR-Gi3 complex. The H5 subdomain interacts (with the D341/342x, [ x, N347/348)
with multiple OR subdomains like the H8 and TM7 (L7-°¢ — DENF®&5° motif), or the ICL2 (§207/209/214¢
motif).

This subdomain has an interaction pattern (D341/342x,Ix,N3%7/348) and represents, by a large margin, the
majority of the interactions from the G-protein side. The h4s6 and S6 also participate in interactions with OR
as already told before. Curiously these subdomains largely interact with ICL3, however there are also, in some
cases, reported interactions with TM5 and TM6, these subdomains share an interaction pattern for the Gi/o
subgroup (E318/319xy _ T321/322/C321/S322).

In OR-Gi/o complexes, and ultimately in all OR-G-protein complexes, the H5 subdomain comprises the
majority of G-protein residues that interact with the receptors. The H5 is a a-helix located in the G-protein C-
terminus and has a similar role to the finger loop, penetrating in the intracellular cavity during the activation
process. A study using a mimetic peptide of the finger loop (complexed with rhodopsin) and directly comparing
with similar complex but with the C-terminus of the Gt protein (Gi/o subfamily). The results indicated a
common interaction motif between the finger loop (arrestins) and the H5 helix (G-proteins), this motif was
identified with the following nomenclature: E/Dx — I/Lx3GL. Thus, having a similar recognition pattern.

However, this study showed no correlation between Or-Arrestins finger loop motifs and OR-Gi/o H5 motifs.
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In fact, no motif showed similarity to the aforementioned one despite some common residues, particularly in
OR-Arrestins. Other contradicting results were found, for example, the low presence of interacting residues
from TM5 and TM6 (in OR-Gi/o0). One of the big differences between the GPCR-Arrestins and GPCR-G-
proteins is the role of TM5 and TM6 in the interaction with either the finger loop or the H5 helix. Supposedly,
the number of TM6 and TM5 residues interacting with the H5 should be higher comparing with the finger loop
but, in a significant number of cases, the number of TM6 residues interacting with the finger loop is higher
than the residues interacting with H5 (1633 motif).14° Nonetheless, two important leucines were found in some
OR-Gi/o complexes (L3*® and L3>3). These leucines, when mutated, make the OR-Gi/o coupling unviable.
They appear in several different active structures, being common in their binding interfaces.®

An active KOR-Gi structure!* (submitted to long MD simulation) was proved useful to make a comparison
with the obtained OR-Gi/o complexes. For example, the authors report a strong salt bridge between the R32
and the D117/118/125 (|CL2). This salt bridge is not present in OR-Gi/o complexes, instead there are
interactions between this particular arginine with proline and valine residues from ICL2.This salt bridge has
an important stabilizing role, similar to the salt bridges enunciated before in the OR-Arrestins. Another salt
bridge involving the ICL1 was reported, however ICL1 residues do not interact with H5 (through D312) in the
OR-Gi/o, even though it seems this ionic interaction is present in other GPCR with different partners (Gs).
Another missing salt bridge in the OR-Gi/o is the interaction of K°2¢ and the E318/31° The lysine is
completely absent in the complexes whereas the glutamate interacts with ICL3 instead of the TM6, except in
a few cases. This salt bridge has a major regulatory role in the interactions between TM6 or ICL3 with the
H5.145

4.1.6 OR-Gq@/11 interaction plots

The Gg/11 subgroup is divided between those superimposed by rhodopsin-Gi structure and M1R-G11
structure. TM3, ICL3, TM6, TM7 and H8 are subdomains present in all OR-Gg/11_6CMO whereas TM2,
TM3, ICL2, TM4, ICL3, TM6, TM7 and H8 are present in all OR-Gg/11_601J. A specific TM2 residue (T'2-39)
interacts in almost OR-Gg/11_6CMO (except NOP-G14 6CMO (Annex 15-Figure A)) and in all OR-
Gg/11_601J with the H5 subdomain. Both groups share a common interaction pattern in TM3 (R3°%x,A —
V /13>%), this subdomain overwhelmingly interacts with H5. The OR-Gg/11_601J complexes have a specific
interaction pattern (P13/120 — v /Ix,LD8/125) jn ICL2, more residues in this subdomain interact with
Gg/11_60I1J proteins than in the OR-Gg/11_6CMO complexes, where not all complexes have interactions
containing this subdomain (like in the case of MOR-G15_6CMO (Annex 14-Figure E).

TM4 (T*38) only participates in interactions with G-proteins in OR-Gg/11_601J complexes, presenting a
remarkable difference between these two subgroups. The threonine is a common TM4 residues between all
these complexes despite the presence of other residues in some cases. These residues interact with HN and
hns1 residues. TM5 (V°>:8) does not interact in OR-Gg/11_601J, unlike what happens with OR-Gg/11_6CMO
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with the exception of MOR-G11_6CMO (Annex 14-Figure C) and MOR-G15_6CMO. In the ICL3 both
subgroups have distinct interaction patterns for OR-Gg/11_6CMO (52°7/214G) and OR-Gg/11_60IJ
(G208/215) however they seem to interact with the same subdomains (h4s6 and S6) with the addition of the H5
for the OR-Gg/11_6CMO complexes. The residue 1633 is shared by all complexes of this group, however
more residues participate in the interaction with G-proteins, like what happens with the ICL3, in this case, both
groups also link with common G-protein subdomains (h4s6 and H5).

Lastly in the TM7 and H8 similar interactions can be found comparing with the Gi/o group, in this scenario
the interaction pattern is L7-°¢ — DEN34°, the residues interact with H5.

From the G-protein side, what was seen for the H5 is similar between Gi/o and Gg/11 groups in the sense that
H5, in both cases, makes the majority of interactions (in G-protein) with OR and interacts with multiple
subdomains. The interaction patterns are D342/346/361x, [y, — N/Y — Lx, — F /Y /I — NL35*/358/373 for
OR-Gg/11_6CMO, and K341/345 /R360y _[/V —Lx, —N/Y —L—R/K/D —E —F/Y/I —
NL354/358/373 for OR-Gg/11_601J.

Other G-proteins subdomains have an important role in the interaction profile like the interaction pattern
V3191323 JR338 — [ /I, — Y JF — §322/326/341 in h4s6 and S6 subdomains (in OR-Gg/11_6CMO), in the OR-
Gqg/11_601J only the residues V319/1323 /R338 are common in this subgroup. Is important to note that these
subdomains overwhelmingly interact with ICL3 and TM6. Common residues in OR-Gg/11_601J were also
found, they are present in hnsl (R33/37/40 — R /G) and in s2s3 and S3 subdomains (N194/198 /5198 /201 _
1195/199/1/199/7"202).

A small number of OR-Gg/11 complexes were analysed in this study but, nonetheless, some interesting results
were found. As said before, in this complex group two different superimposition templates were used. Until
now there are only two GPCR structures in active state and coupled with Gg/11 partners deposited in public
databases. One of them was used to superimpose (M1R-G11 structure), so in order to make a fair comparison
between the two complex groups it was used the other available structure: the 5-hydroxytryptamine receptor
2A (5-HTR,,) coupled with Gg. Two conserved residues in the Gs subfamily were identified in the structure
and may be linked to the subfamily specificity: Q233/237/240 gnd N?240/244/247 yesidues. However, in the
obtained interaction plots these residues are missing.'>

One notable difference between the two complex groups is the amount of interacting ICL2 residues. In the
OR-Gq/11_60IJ (P112/113/120 _ 7 /[, ] D117/118/125 motif) there are more ICL2 residues, interacting with
the receptors, than in the OR-Gg/11_6CMO, giving a possible evidence of a small rotation of the H5
(Gg/11_6CMO) compared with H5 in the other group. The V/1113/114/121(|CL2) is an important conserved
residue and has direct role in the Gg/11 association with GPCR. This residue participates in the OR-
Gg/11_60lJ interface but is not present in OR-Gg/11_6CMO, this may be direct consequence of the interface
similarity between the M1R-G11 and 5-HTR,4-Gq. On the other hand, this proves the importance of the
presence of this residue in the complex interface containing Gs proteins. In muscarinic receptors, an interaction
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(with R33/37/40 and ICL2 arginine residue) is conserved and it seems to be fundamental during the Gg/11
coupling process. A similar interaction was also seen in the serotonin receptor. In the OR-Gg/11 complexes
the R33/37/40 also interacts with ICL2 residues in similar positions (D118/125 and L117/124) and, interestingly,
with a TM4 (T'+38 motif) residue. Also, in some cases, interacts with R*2° (in MOR-Gq/11_601J complexes).
This may indicate a similar hydrogen bond formation comparing with the other already determined GPCR-
Gg/11 structures. These interactions are absent in OR-Gg/11_6CMO, which is comprehensible due to the fact
of the superimposition template has a different conformation (GPCR-Gi/o coupling) comparing with the M1R-
G11 or 5-HTR, 4-Gq. Apparently, the TM5 does not participates in interactions with Gg/11_60IJ subdomains.
But it is important to refer the possibility of direct interaction between TM5 and TM6 residues in order to
stabilize the TM6, which couples with Gg/11.124151

4.1.7 OR-Gs and OR-G12/13 interaction plots
For the Gs group was found that the common interacting OR subdomains are: TM3, ICL2, ICL3, TM6, TM7
and H8. A353V residues are common in this group and they interact with H5. ICL2 also has a specific
interaction pattern for OR-Gs (P112/113yx,LD'17/118) peyond the interactions with H5 the ICL2 also

interacts with hns1 (R38A4) and S3 (V293/217) as seen in Figure 8.
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Figure 8: Interaction plot from the KOR-Gssh. Were found some interactions patterns specific for OR-Gs
(E®25Kx, NLRRI®33 motif) in TM6 or in H5 (R3¢¢/380x,1Qx, HLRQY ELL38%/3%* motif).

There are also TM5 interactions with the exception of the MOR-Gslo (Annex 16-Figure C). LSG2°8/210 js the
specific ICL3 interaction pattern for OR-Gs complexes, this subdomain interacts with h4s6
(S335/349Tx, GD G x, Y 3*4/358) and S6 (C345/35°Y) residues. The TM6 interaction pattern differs greatly from
other groups (E®25Kx, NLRRI%33), these TM6 residues, like the ICL3, also interact with S6. Finally, the TM7
and H8 completely interact with H5 through the following interaction pattern: L7->¢ — DEN&4°, In the G-
protein side is important to mention that the H5 (R366/380x,1Qx, HLRQYELL38%/3%*) also interacts with
multiple OR subdomains, repeating a similar behaviour from other G-protein groups. There is also a common
residue from H4 (L332/34%) interacting with ICL3.

NOP-G12 (Annex 17) complex is the only example of the OR-G12/13. The T2 residue also interacts in this
complex with H5. The R35%x,AI35* motif, widely common in OR-Partner, interacts exclusively with H5.
The RLLSG?°® motif (ICL3) residues contact with H5 and S6 (LFH34®) subdomains. The L7-°¢ — DENF&50
motif, similar in OR-Gi/0, also has interactions with H5. The H5, like what happens in the majority of OR-G-
proteins, has a wide coverage in the interface of the complex interacting with multiple OR subdomains
(HA3%5x,D368x,1371x, NLK376xIMLQ38 motif).

Only 4 OR-Gs complexes were analysed within the scope of this study, nonetheless some interesting features
were observed. Some active state GPCR-Gs structures are already available like the B2AR-Gs crystal structure.
One important interaction, that allows the Gs coupling specificity, involves the F13° (in B2AR), the equivalent
residue (VV113/114) js also present in OR-Gs complexes. The valine interacts with two coinciding Gs residues
(also present in B2AR-Gs structure interactions), in this case the R36/380 and the 1217/203 residues.!1®

One difference regarding these complexes and the B2AR-Gs structure is the TM7-H8(L7-5¢ — D847 EN) motif
presence. While in the adrenoreceptor there are no interacting residues in these two subdomains, in OR-Gs
complexes they interact extensively with H5. This behaviour is similar to the A, ,AR-Gs structure.'>? Previous
studies demonstrated the existence of a selectivity barcode for GPCR-Gs with common interacting residues in
G-proteins (important during GPCR activation) but also specific residues, for each G-protein, crucial to
selectively bind to a specific partner. Some of these residues were also found in the OR-Gs interface. The
R366/380x. 1Q0x, HLRQY ELL38%/3%* motif, for example, contains several positions identified as crucial for Gs
selectivity. In B2AR-Gs, these residues interact with TM5 and ICL3, with few contacts containing the TM6
and ICL2. In this work it seems the ICL3 is the only exception to this assumption because it has no meaningful

interactions with H5.153

4.1.8 Residue interaction percentages

Several metrics were analysed to give a full description of the OR-Partner complex interface, one of them

(interaction percentages) allowed to understand the most important residues and residue classes in complex
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interfaces. The OR-G-protein complexes (receptor side) showed higher percentage of arginine and leucine
residues except in DOR-Gz (Annex 21) where the arginine presence is similar to glutamate and valine values,
DOR-Gil (Annex 21) and DOR-Gi2 (Annex 21) also shown similar values between arginine and valine.
KOR-Gz (Annex 21) and KOR-Gi3 (Annex 21) repeated the same pattern from DOR-Gil and DOR-Gi2 in
respect to the comparison of arginine and valine percentages. MOR-Gg/11_6CMO (Annex 21) have a higher
leucine residue number comparing with MOR-Gqg/11_60I1J (Annex 21). MOR-Gslo (Annex 21) has a higher
leucine residue number comparing with MOR-Gssh (Annex 21). A vast majority of the OR-G-protein
complexes have low percentages and even in some cases no presence of cysteine, glutamine, histidine,
phenylalanine and tryptophan residues. OR-Gi/o, OR-Gs and OR-Gg/11_6CMO complexes have no presence
of tyrosine residues, the opposite was seen regarding the OR-Gg/11 complexes, the only exception to this fact
is MOR-G11_6CMO (presence of tyrosine).

The residue percentages from the partner side show a different situation, in this case for many complexes the
leucine residue is not the most prevalent residue in the interface, however with few exceptions. In general, the
Gi/o group most frequent residue is the aspartate, a huge difference of the aspartate values between OR-Gi/o
and OR-Gs, OR-Gg_6CMO and OR-Gg_601J (Annex 20) was denoted, whereas the opposite was seen with
arginine values. Nevertheless, is important to mention that there is no presence of tryptophan residues in all
complexes.

The Or-Arrestin complexes (partner side) also show some interesting results, the leucine is the most frequent
residue ranging between ~15% to ~25% of the total residues in the interface however the leucine values are
substantially higher in OR-Arrestins 6U1N comparing with OR-Arrestins 6PWC. Arginine values are higher
for OR-Arrestins. 6PWC with the exception of the NOP-Arrestins complexes where the opposite occurs.
Aspartate and glycine are more frequent residues in OR-Arrestins. 6ULIN interfaces, on the other hand
glutamine and phenylalanine residues are more frequent residues in OR-Arrestins 6PWC. Interacting
glutamine, histidine, methionine and tryptophan residues are absent from the interface.

In the receptor side the same pattern (comparing with the partner side) in the arginine percentages can be seen.
In general, the leucine percentages are substantially lower in relation to the partner side, like what happens
with partner the leucine percentages are higher in OR-Arrestins. 6U1N (Annex 21). Aspartate percentages are
lower than in the partner side. There is a big difference concerning the NOP-Arrestins isoleucine percentages
(considerably higher) comparing with the remaining complexes. Interacting glutamine and tryptophan residues
are absent from the receptor.

The residue group interaction percentages (partner side) also give important information about the GPCR-
Partner interfaces. The OR-Gi/o complexes have higher percentage of nonpolar aliphatic residues with the
exception of OR-Gz where the acid negative residues are more numerous in DOR-Gz (Annex 18), in KOR-Gz
the acid negative, nonpolar aliphatic and the polar uncharged residues have similar percentages, in MOR-Gz
(Annex 18) the acid negative and polar uncharged residues have higher percentage values than nonpolar
aliphatic residues, and finally the NOP-Gz (Annex 18) follows the same pattern of the KOR-Gz. In the OR-
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Gs (Annex 18) complexes the basic positive residues are the most numerous residue group with a slight lead
to nonpolar aliphatic residues. OR-Gg/11 complexes have identical percentage values between basic positive
and nonpolar aliphatic residues however no patterns were extracted from this data to differentiate OR-
Gg/11_6CMO (Annex 18) and OR-Gg/11_601J (Annex 18). In the receptor side, unlike what happens in the
partner side, for all complexes, with no exceptions, the biggest percentage values belong to nonpolar aliphatic
residues. Remarkably, interacting nonpolar aromatic residues are almost non-existent in the receptors, even in
the KOR-G-protein complexes (Annex 19) this group is completely absent.

The OR-Arrestins (partner side) the most prevalent aminoacid group is nonpolar aliphatic, nonetheless the OR-
Arrestin_6U1N have higher percentages values than OR-Arrestin_ 6PWC. The same conclusion can be applied
to the acid negative group. The basic positive and nonpolar aromatic groups show different patterns, in these
cases the OR-Arrestins_6PWC have higher percentage values than OR-Arrestins_6U1N.

In the receptor the most prevalent aminoacid group is the nonpolar aliphatic with the exceptions of the DOR-
Arr2_6PWC and DOR-Arr3_6PWC. Nonpolar aromatic percentages are considerably lower than the partner
percentages. The OR-Arrestins. 6PWC complexes have higher percentages, for acid negative residues, than
the OR-Arrestins_6U1N. Same pattern happens with the basic positive residues with the exception of NOP-
Arrestins complexes. The opposite happens with polar uncharged residues where the OR-Arrestins_6U1N
have higher percentages comparing with OR-Arrestins_6PWC, with the exception of the NOP-Arrestins
complexes.

The role of electrostatic interactions in the formation of the GPCR-Partner complex is crucial because promotes
affinity during the partner coupling with the receptor. Although is important to denote the importance of
hydrophobic contacts in the stabilizing process of the complex. The results obtained in these complexes show
subtle differences in previous studies on active state structures. Regarding the OR-Arrestins they contradict
some of the established knowledge about the nature of the interface interactions.'#”5* Supposedly, the arrestin
is positively charged whereas the receptor is negatively charged (total net charge). In Figure 9A, however, the
receptors have more positively charged residues, with a clear difference between the acidic and basic residue
percentages. Although this could be influenced by the absence of the C-terminus in the receptors. The arrestin
recognizes the receptor, with the negatively charged phosphorylated residues in C-terminus, through the basic
residues in the arrestin N-domain.?*147.1% |t is reported that the intracellular cavity has a plentiful of positive
charges that allows the formation of electrostatic interactions with the finger loop (rich in negatively charged
residues). This characteristic is fundamental because of the incredible diversity of GPCR, allowing the arrestins

to couple with so many different receptors despite their differences.!:142.154
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Figure 9: Electrostatic profile of the OR-Arrestins interface. A) Residue group interaction percentage values to

all aminoacid groups (in OR) B) Residue group interaction percentage values to all amino acid groups (in

arrestins) from OR-Arrestins complexes.

Taking into account that the finger loop comprises the majority of the interacting residues in the arrestin, is

easy to understand that what is expected is more basic residues in the receptor and more acidic residues in the

partner. However, the OR-Arrestins. 6PWC do not follow this assumption regarding the electrostatic nature of

the interacting residues from the arrestin side (Figure 9B). A more detailed analysis on the specific residues

that constitute the OR-Arrestins_ 6PWC interface confirm the results in Figure 9 (see Figure 10).
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Figure 10: Interaction percentages for each residue type from OR-Arrestins complexes (in arrestins)

The arginine interaction percentages (in OR-Arrestins. 6PWC) are incredibly inflated compared with the other
percentages, from the same residue, in the other complex group modelled by the M2R-Arrestin 2 structure. It
is important to note that arginine has positive charge whereas the aspartate has negative charge. The other
acidic residues (histidine and lysine) are not sufficient to offset the sum of the glutamate and aspartate
percentages.

The biggest number of interacting residues belong to the nonpolar aliphatic group (both in the receptor and
partner) with few exceptions. In M2R-Arrestin 2 interface the finger loop interacts with the receptor with a
mixture of hydrophobic and electrostatic interactions.*® A comparison of the obtained finger loop motifs (see
OR-Partner interactions section) confirms the presence of hydrophobic residues in both motifs. Nonetheless,
the share of hydrophobic residues (finger loop) is substantially higher in OR-Arrestins_6U1N being a possible
explanation for the fact that this complex group has higher interaction percentage in the nonpolar aliphatic
group compared with the other one.

In relation to OR-G-protein complexes a curious situation happens. Indeed, the OR-Gg/11 and OR-Gs (in the
G-protein side) seems to have a high number of basic residues comparing with the acidic residues, instead the
OR-Gi/o (Annex 18) has the opposite. However, in the receptor, the positive charges outnumber, in general,
the negative charges in the complex interfaces, creating a hindrance for the electrostatic interaction formation
during the complex creation for the OR-Gg/11 and OR-Gs cases. In the D2 dopamine receptor-Gil complex,
the surface potential of the receptor binding interface is overwhelmingly positive whereas in the G-protein is
clearly negative, indicating the important presence of residues from opposite charges in both sides of the
complex interface and their role during the complex formation.’®> Other complexes, like the KOR-Gi
previously described, also report fundamental electrostatic interactions in coupling regulation. These
interactions also follow the same charge pattern as the dopamine receptor.* This are in accordance with OR-

Gi/o results where it seems the ionic residues are distributed at the same way of the already mentioned
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complexes. Active state structures containing Gs also describe the same patterns seen before in GPCR-Gi/0.1%2
Thus, it was supposed that OR-Gs would present similar results, outstandingly this was not observed. Instead,
high interaction percentage levels, from arginine residue, were seen in the Gs binding surface (Figure 11A).
The hydrophobic contacts, like what happens with the OR-Arrestins, are the most prevalent interaction in the
binding interface (for OR-Gi/0). The nonpolar aliphatic group has the bigger interaction percentage, however
in the OR-G@/11 and OR-Gs both nonpolar aliphatic and basic positive residues have similar percentages in
the G-protein side. In fact, sometimes, the basic residue group surpasses the nonpolar aliphatic one (see Figure
11B).
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Figure 11: A) Interaction percentages for each residue type from KOR-G-protein complexes (in G-proteins) B)
Residue group interaction percentage values to all aminoacid groups (in G-proteins) from KOR-G-protein

complexes

The CXC chemokine receptor 2 bound to Gi showed the central role from two leucines (hydrophobic residues),
that are present in H5, and the formation of extensive hydrophobic contacts with other hydrophobic residues
(leucines, isoleucines, valines, ...) in the TM that surround this helix.!*® It was observed the same leucine
residues in the cannabinoid receptor-Gi complex.’® Other GPCR-Gi complexes also report similar

results.?®81%° This kind of interactions inserts inside a hydrophobic pocket containing the H5 and the other TM
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already mentioned. This may well explain why the nonpolar aliphatic group is predominant in GPCR-Gi
interface. The hydrophobicity, in the binding cavity, seems a feature that is present in other complexes
containing different G-protein subfamilies.’® However as mentioned before, and taking into account the
importance of H5 subdomain in the OR-G-protein interface, the OR-Gg/11 and OR-Gs complexes seem to not
have a clear favouring for hydrophobic residues, at the same time the electrostatic factor is not in place for

these groups because of the preference for basic residues in the receptor and partner.

4.1.9 SASA

SASA values are very low for all complexes in ICL1 with the exception of OR-Arrestins 6PWC complexes.
In ICL2 the OR-Gs (Annex 22), OR-Gg/11_6CMO (Annex 22) and OR-Gg/11_601J (Annex 22) have higher
SASA than OR-Gi/o (Annex 22), with the exception of MOR-Gg_6CMO which has lower SASA than MOR-
Gil. In the same loop the OR-Arrestins_6U1IN (Annex 22) have higher SASA than OR-Arrestins_6PWC
(Annex 22). In general, higher SASA, comparing with the other GPCR subdomains, is present in ICL3 for all
complexes with the exception of OR-Arrestins_6PWC and OR-Arrestins_6U1N. OR-Gz complexes have a
significant lower SASA than the remaining OR-Gi/o complexes. In H8 a similar pattern was also found
regarding the OR-Gz and OR-Gi/o SASA differences. OR-Arrestins_6PWC have higher SASA, in H8, than
OR-Arrestins_ 6U1N.

The SASA results are related with the receptor available area to interact with partners. If a OR subdomain has
low SASA thus it will have residual interactions with either arrestin or G-protein. The ICL1 results are in line
with the interacting residues results (interaction plots). The differences seen between OR-Arrestins 6PWC and
OR-Arrestins 6ULN may be explained by the templates used. The NTSR1-Arrestin 2 mentions interactions
containing ICL1 residues whereas the M2R-Arrestin 2 has no ICL1 participation in the complex interface, 101!
Other study showed important interactions, with ICL1 residues, between KOR and Gi protein.*> However, it
seems this subdomain is irrelevant in OR-G-proteins interfaces based on the interaction plots and SASA
results. Regarding ICL2 and ICL3, it was predictable that OR-Partner complexes had higher SASA values,
than ICL1 or H8, because these structures are fundamental in GPCR-partner coupling. In OR-Arrestins 6U1N
the ICL2 has an abnormally higher SASA values, comparing with ICL3, than other complexes. This is justified
by the M2R-Aurrestin 2 interaction profile where the ICL2 interacts, in conjunction with the receptor TM, with
the arrestin interdomain (polar core).!® The H8 difference between the two OR-Arrestins subgroups is
remarkable and is in line with the interaction plots results. In the circular graphics (for OR-Arrestins_6PWC)
the H8 has a more important role, in interacting with the arrestins, than the importance of this structure in OR-
Arrestins_6U1N.

4.1.10 HB and SB

The HB and SB are totally absent from ICL1 in DOR-G-protein (Annex 23) and KOR-G-protein (Annex 23)
complexes. In the MOR-G-protein (Annex 23) complexes only MOR-G11_601J and MOR-G15_601J have
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HB and SB in ICL1. Only NOP-G14_601J has HB and SB (ICL1) in NOP-G-protein (Annex 23) complexes.
ICL2 HB and SB are present in more complexes than in ICL1 case. The exceptions are: KOR-Gi2, KOR-Gz,
KOR-Gslo, MOR-Gz, MOR-Gg_6CMO, NOP-Gil, NOP-Go and NOP-Goh. DOR-Gi3 have the highest
number of HB and SB in ICL3 in DOR-Gi/o complexes whereas the DOR-G14 6CMO have the highest
number in DOR-Gqg/11 complexes. Considering the same intracellular loop, KOR-Gs complexes have more
HB and SB than KOR-Gi/o with the exception of KOR-Gob which has the same number of HB and SB than
KOR-Gslo. MOR-Gi2 and MOR-G15_601J have the lowest number of HB and SB considering, respectively,
MOR-Gi/o and MOR-Gg/11 complexes. NOP-Gil has the highest number of HB and SB (in NOP-G-protein
complexes). In the H8, OR-Gz have no HB and SB unlike the other complex subgroups with the exception of
MOR-Gq_60M.

Unlike what happens with the majority of OR-G-protein complexes, many OR-Arrestins have HB and SB in
ICL1 (except DOR-Arr2_6U1IN, KOR-Arr3_6UIN, MOR-Arr3_6PWC, NOP-Arr2_6UIN and NOP-
Arr3_6U1IN). DOR-Arr3 6UIN, KOR-Arr2_6PWC, KOR-Arr3_6PWC, MOR-Arr2_6UIN, MOR-
Arr3_6PWC and NOP-Arr3_6U1N have no HB and SB in ICL2. Only KOR-Arr2_6U1N has no HB and SB
in ICL3. Finally, only OR-Arrestins_6PWC have HB and SB in H8.

The absence of HB or SB in ICL1, from OR-Gi/o and OR-Gs complexes, is in line with the results in the
interaction plots. The ICL1 seems to not be involved in the coupling process, with a few exceptions from the
OR-Gqg/11 group. Other GPCR showed, previously, that ICL1 is not a crucial subdomain for the complex
assembling.124157.160.161 However, the OR-Gg/11 complexes, that reveal these kind of contacts, present novel
interactions that may demonstrate a more important role for ICL1 and can possible be specific for OR.

On the contrary, ICL2 forms HB or SB in almost all OR-G-proteins complexes. The already mentioned study,
involving the KOR-Gi complex submitted to MD simulation, demonstrated that ICL2 forms a significant
number of HB and SB with the H5 subdomain, however no mention was made about the formation of these
kind of interactions with ICL1, being at the same level of the results obtained in this work.# In other structures,
with different G-proteins, appear also HB with ICL2 residues participation, clearly demonstrating a more
participative role than ICL1 in GPCR-G-protein complexes.124160.162,163

ICL3, in general, seems to have a significantly superior number of HB and SB compared with the other
subdomains in study. The ICL3, similar to what happens with ICL2, is considered as being a major component
of the binding interface, so it is not surprising to see elevated numbers from this parameter.'?* The secretin
receptor ICL3, for example, reports more stable electrostatic interactions and HB than the ICL2, so these are
not the first GPCR to have this kind of pattern. 3 The number of HB and SB, in H8, is somewhat comparable
to those in ICL2 albeit with some differences. Van der Waals interactions are formed in the A,,AR-Gs
structure where the glutamate residue in H5 makes interactions with arginines between TM7 and the H8.1521%°
On the other hand, an electrostatic interaction is seen, in the bile acid receptor, between glutamate in Gs and

arginine in H8*, so the formations of SB between H8 from OR and H5 from G-proteins are not discarded at
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all. Nonetheless, this pattern is similar to the interactions between the finger loop and the intersection between
the two aforementioned GPCR subdomains, thus is not surprising to see these results.

OR-Arrestins have some remarkable differences, compared to OR-G-proteins complexes, like a clear pattern
of HB or SB formation using ICL1 residues. ICL2 and ICL3 also form  a considerable amount of HB and
SB, with few exceptions. The study, using MOR-Arrestin 3 submitted to long MD simulation, showed the
large presence of SB in ICL2 and ICL3, even using different agonists. These SB actuate as complex stabilizers,
pointing to a possible similar role for the interactions found in this work.4’

B1 adrenoreceptor-Beta arrestin structure also pointed the presence of HB in ICL1 and ICL2, although the
same was not seen in ICL3 for this case.'®®

The most striking difference between OR-Arrestins. 6PWC and OR-Arrestins_ 6U1N is, without doubt, the H8
subdomain. In fact, only Or-Arrestins. 6PWC has HB and SB in H8 as shown in Figure 12.
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Figure 12: Sum of the HB and SB in OR-Arrestins in 4 specific OR subdomains

This difference may possibly be due to the use of different templates. The NTSR1-Arrestin 2 structure reports
several interactions between negatively charged finger loop residues (glutamate and aspartate) and the residues
situated in the junction containing the TM7 and H8.1!* The MOR-Arrestin 3 structure study also mentioned a
SB between finger loop and this subdomain, being in line with the results found in the complexes modelled
with this template.’*” The M2R-Arrestin 2 also mentions the formation of HB and SB with finger loop residues
(aspartate), however it is not pointed to the H8 region, instead forms these interactions with TM2 and TM3.11°

Other studies confirm the possibility of a SB creation between finger loop and H8.14°

4.1.11 Surface atoms/buried atoms
The number of buried and surface atoms revealed that OR-Arrestins_6U1N has a higher number of buried
atoms than OR-Arrestins_6PWC, with the notable exception of MOR-Arrestins complexes where the opposite
happens (Figure 13). For OR-G-protein, the number of buried atoms is considerably higher for OR-Gs (Annex
24) comparing with the remaining groups. Complexes superimposed with M1R-G11 present more buried

atoms than those superimposed with rhodopsin-Gi structure, except in the MOR-G15_6CMO (Annex 24) and
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MOR-G15_601J (Annex 24). OR-Gz (Annex 24) has the lesser number of buried atom within the OR-Gi/o
group (Annex 24).

A similar metric, widely used to study GPCR-partner complexes, is the buried surface area. This parameter is
directly related to the number of buried atoms in a complex interface. OR-Gs have, by far, the largest number

of these kind of atoms comparing with other complexes including OR-Arrestins.
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Figure 13: Number of surface and buried atoms in OR-Arrestins complexes

This reaffirms the results presented in other GPCR-partner structures. A big difference, regarding the buried
surface area, was found between the rhodopsin-arrestin (1350 A2)™2 and the B2AR-Gs (2576 A%)1°, The
NTSR1-Gil (1199 A?)1 structure also allowed to make a comparison with OR-Gi/o complexes. Despite this
group has a smaller number of buried atoms comparing with OR-Gs, it seems that is not the case comparing

with OR-Arrestins. These two complex groups have very similar values for this parameter.

4.2 Dynamic analysis

OR-Arrestins and OR-Gs have slightly higher BC values than OR-Gi/o and OR-Gg/11 complexes. Regarding
OR-Gi/o, the DOR and KOR complexes in TM1 have particularly low BC values in comparison with MOR
and NOP complexes. The same differences apply to OR-Gg/11 in TML1. In general, H8 structure has the highest
BC values for almost all complexes (Figure 14A).

The average fluctuation fold change values show a clear distinction between OR-Arrestins and OR-Gs: in all
OR subdomains these complexes have lower average fluctuation than OR-Gi/o and OR-Gg/11. TM1 and TM4,
in particular, have high average fluctuation values, in OR-Gi/o and OR-Gqg/11, than the remaining OR
structures (Figure 14B).
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Figure 14: A) Values for flexibility changes, between OR in monomer and OR in complex with partners, in all
OR subdomains, measured through BC B) Values for average fluctuation fold changes between OR in monomer
and OR in complex with partners, in all OR subdomains C) Map built, using MS method, with the flexibility

changes values. The dots size is directly proportional to average fluctuation fold change values.

The MS map shows a very clear distinction between OR-Arrestins/OR-Gs and OR-Gi/o. The OR-Gg/11 seems
to be near the OR-Gi/o subgroup with few exceptions. Only DOR-Arr2_6U1N and DOR-Arr3_6U1N are

completely distant from their respective group (Figure 14C).

The dynamic analysis results clearly demonstrate some differences between different OR-Partner subgroups.

In general, the coupling between OR and OR-Gi/o and OR-Gg/11, promotes higher flexibility in OR structures

than in OR-Gs and OR-Arrestins. Similar results were found in the dopamine receptors.# These results also

demonstrate that H8 is a rigid structure, even after the conformational changes, during the formation of the

complex, the BC value is very high indicating strong similarity between the H8 structures in OR monomer and

OR in complex.

At the same time the flexibility change values allowed to separate very well the several complex subgroups

with the exception of the two structures of DOR-Arrestins. 6U1N.
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5. Conclusions

Future work may be centred on the use of a different homology modelling template for OR-G-proteins
complexes, in order to overcome the results found in interhelical distance map. For example, using the active
state MOR receptor (mouse) bound to Gi/o protein (PDB ID: 6DDF). Moreover, extensive MD simulation
should be applied in order to provide further insights about the dynamic behaviour of the complexes, as well
as the specific interactions that underlie OR-Partner selectivity.

This work provided a thorough description of the different OR-Partner structures with interesting results that
are important for the development of new drugs that can interfere with complex binding interfaces and be a
key weapon to solve the opioid crisis problematic. 57 models were built, and they covered a wide array of
different partners. The interhelical distance map showed results that are not in line with literature. OR-Gi/o
complexes had lower TM3-TM6 distance than OR-Arrestins, however resolved structures, available in public
databases, demonstrated the opposite. The electrostatic distances clearly demonstrated differences between
complexes. For example, the impact of using different superimposition templates on the similarity between
structures modelled with the same template.

Interacting residues in the binding interface were found and more important specific interaction patterns could
be extracted. In particular, interaction pattern differences were found between the OR-Gq/11subgroups, like
for example: the D342/346/361y Jx, — N/Y — Lx, — F/Y /I — NL354/358/373 motif in OR-Gg/11_6CMO
and K341/345/R360y, — J/V —Lx, —N/Y —L—R/K/D — E — F/Y /I — NL35%/358/373 mqtif in OR-
Gg/11_601J.

The electrostatic profile of the interactions, which form the complex interface, also had results for OR-
Arrestins_6PWC that are the opposite of what was found in the literature. There is a bigger number of basic
residues than acidic residues in the two sides of the binding interface. On the other hand, the OR-
Arrestins_ 6ULN seem to follow the results from other studies regarding the electrostatic profile. This is
incompatible for the formation of electrostatic interactions, although these interactions are regarded as crucial
for the GPCR-Partner coupling. Nonetheless is important to mention the different arrestin conformations
adopted in both templates. Other structural parameters (SASA, number of surface and buried atoms) were in
line with the literature. This work also demonstrated that OR-Gi/o and OR-Gg/11 are highly dynamic
complexes comparing with OR-Arrestins and OR-Gs, concerning the average fluctuation fold change and

flexibility change values.
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7. Annexes

Annex 1: The 20 best models for each OR modelled with active KOR stabilized by a nanobody. The chosen
model is marked in blue
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Annex 2: The 20 best models for each OR modelled with NTSR1-Arrestin 2 template. The chosen model is

marked in blue
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Annex 3: The 20 best models for each OR using the M2R-Arrestin 2 template. The chosen model is marked

in blue.
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NOP.B99990036 -1.25 3766.60303 -36249.99219 4.16  0.31
INOPIB99990050 -1.31 3685.12305 -36241.48828 410 | 031
NOP.B99990056 -1.28 3634.51009 -36221.42969 04.09  0.27
NOP.B99990079 -1.16 3712.80029 -36209.31641 421  0.30
NOP.B99990037 -1.02 376107104 -36202.00391 4.18  0.31
NOP.B99990047 -1.07 369135449 -36201.05078 4.23  0.27
NOP.B99990001 -1.02 3865.72583 -36196.66797 4.29  0.32
NOP.B99990082 -1.12 3686.55273 -36189.30469 4.25  0.31
NOP.B99990094 -1.08 355303304 -36187.31250 4.1 = 0.29

Annex 4: Electrostatic distances, calculated by PIPSA webserver, and presented through heatmaps. A) DOR
complexes B) NOP complexes C) KOR complexes
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Annex 5: DOR-Arrestins interaction plots, built using circlize package for R language. A) DOR-Arr3_6PWC

B) DOR-Arr2_6U1N C) DOR-Arr3_6U1IN

>

%84se

67GLU

8.40RSN

m T™M1

m TM2
m TM3
m TM4
m TM5
m TMé
m T™M7
m ICL1
m ICL2
m ICL3
m H8

m Other

—

m Triple element

@ Polar core

m Finger loop

B Middle loop

m C-loop

W Lariat loop

D Not defined domain

78



m ™1
m TM2
m T™3
m T™M4
m TMS
W TM6
m T™M7
m ICL1
m CL2
m ICL3
m H8

[ Other

63TvR ]

sarase i
7s6ev

5,33\LE

@ Triple element

@ Polar core

@ Finger loop

E Middle loop

m C-loop

® Lariat loop

[ Not defined domain

O Triple element

@ Polar core

& Finger loop

@ Middle loop

® C-loop

W Lariat loop

[ Not defined domain

287GLY

237THR
2.38ALA
239THR

Z‘OASN

79



Annex 6: KOR-Arrestins interaction plots, built using circlize package for R language. A) KOR-Arr2_6PWC
B) KOR-Arr3_6PWC C) KOR-Arr2_6U1N D) KOR-Arr3_6U1N
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Annex 7: MOR-Arrestins interaction plots, built using circlize package for R language. A) MOR-Arr2_6PWC
B) MOR-Arr3_6PWC C) MOR-Arr2_6U1N D) MOR-Arr3_6U1N
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Annex 8: NOP-Arrestins interaction plots, built using circlize package for R language. A) NOP-Arr2_6PWC
B) NOP-Arr3_6PWC C) NOP-Arr2_6U1N
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Annex 9: DOR-Gi/o interaction plots, built using circlize package for R language. A) DOR-Gil B) DOR-Gi2
C) DOR-Go D) DOR-Gob E) DOR-Gz
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Annex 10: KOR-Gi/o interaction plots, built using circlize package for R language. A) KOR-Gil B) KOR-Gi2
C) KOR-Gi3 D) KOR-Go E) KOR-Gob F) KOR-Gz
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Annex 11: MOR-Gi/o interaction plots, built using circlize package for R language. A) MOR-Gil B) MOR-
Gi2 C) MOR-Gi3 D) MOR-Go E) MOR-Gob F) MOR-Gz
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Annex 12: NOP-Gi/o interaction plots, built using circlize package for R language. A) NOP-Gil B) NOP-Gi2
C) NOP-Gi3 D) NOP-Go E) NOP-Gob F) NOP-Gz
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Annex 13: DOR-Gq/11 interaction plots, built using circlize package for R language. A) DOR-G14_6CMO
B) DOR-G14_601J C) DOR-G15_6CMO D) DOR-G15_601J
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Annex 14: MOR-Gq/11 interaction plots, built using circlize package for R language. A) MOR-Gq_6CMO B)
MOR-Gg_601J C) MOR-G11_6CMO D) MOR-G11_60lJ E) MOR-G15_6CMO F) MOR-G15_601J
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Annex 15: NOP-Gqg/11 interaction plots, built using circlize package for R language. A) NOP-G14_6CMO B)
NOP-G14_601J
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Annex 16: OR-Gs interaction plots, built using circlize package for R language. A) KOR-Gslo B) MOR-Gssh
C) MOR-Gslo

LT
wozz
2 87

soee

TITOON
g33332
£¥

1331383

3
&

88

h2

LLEE
& %

g3

EUNEEEEEECNEEEEEENEENERE
4 BREF
8

m T™M1
m TM2
m TM3
m TM4

m TM6
m TM7
m ICL1
m ICL2
W ICL3
m H8

@ Other

104



TLCLLLE
PE353332

gues
ReER

39ALA
38ARG
8.49ASN

§.48GLY

105



Annex 17: NOP-G12 interaction plot, built using circlize package for R language.
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Annex 18: Residue group interaction percentage values to all aminoacid groups (in G-protein side)
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Annex 19: Residue group interaction percentage values to all aminoacid groups (in OR side)
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Annex 20: Residue type interaction percentage values to all aminoacid groups (in partner side)
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Annex 21: Residue type interaction percentage values to all aminoacid groups (in OR side)
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Annex 22: SASA values for all OR-Partner complexes, determined by COCOMAPS webserver
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Annex 23: Number of HB and SB for OR-G-proteins complexes
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Annex 24: Number of surface and buried atoms for OR-G-proteins complexes
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