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ABSTRACT

G protein-coupled receptors (GPCRs) are integral membrane proteins that transmit signals
embodied in the chemical structure of endogenous and synthetic ligands from outside to inside
the cell. Thus, they are fundamental in physiological and pathological conditions and,
consequently, key pharmacological targets. Recently, a number of studies have shown that
allosteric interactions exerted by lipids affect the population distribution of active and inactive
receptor states, therefore leading to a complex signalling network. As a consequence, the
membrane lipid environment has become an important factor in the study of GPCR signal

transduction.

The present work takes advantage study of high-throughput molecular dynamics (MD) simula-
tions to elucidate key biological processes in GPCR structure and function. Specifically, this the-
sis focusses on two main challenging tasks. On the one hand, the molecular understanding of
the GPCR activation process. On the other hand, the exploration of the allosteric coupling be-
tween the lipids and the receptor protein, thus, aiming at characterizing lipid-modulated pro-
tein dynamics. Our approaches have been validated with published experimental results from
which we have learnt about the systems and have been a source of ideas and hypotheses for

the design of our computational experiments.

The results presented in this thesis show how long-timescale MD simulations can consistently
reveal the molecular effects of phospholipids on two pivotal class A GPCRs, the B2-adrenergic
and the adenosine A2a receptors. Our computational results are in agreement with published
experimental data, and provide complementary information about the ligand-receptor con-
formational ensembles and the involved protein-lipid interactions. Briefly, our results reveal
how GPCRs are sensitive to their lipid environment and, therefore, why lipids are crucial for

GPCR dynamics and function.

KEYWORDS: GPCR, B2-adrenergic receptor, adenosine a2a receptor, phospholipid, allosteric
modulation, ligand, agonist, orthosteric, molecular dynamics, protein conformation, receptor

activation.
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Adenosine
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Food and drug administration

Force fields

G protein-coupled receptor

Graphics processing unit
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Infrared

Muscarinic 2 receptor
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Nuclear magnetic resonance

Open protein membrane
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Protein Data Bank

Phosphatidylethanolamine
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INTRODUCTION

This thesis is organized in nine sections, namely, a background for the work presented, along
with its main challenges, a description of the methodology used, the objectives for the study,
the results obtained, and, finally, a general discussion and conclusions. The published papers

have been added at the end together with the corresponding supplementary material.

Section 1 presents a basic description of biological membranes. This includes a review of the
literature involving lipids and GPCRs, in which the characteristics of the membrane and the

activation process of the receptor are examined.

Section 2 describes the practical aspects of the application of MD methodology, including MD

simulations of proteins, ligands and lipid systems.

Section 3 outlines the research problem that motivated the present work, establishes the hy-

potheses, the objectives and how to accomplish them during this dissertation.

Section 4 focuses on a review of our results. Particularly, our investigations revolve around the
study of two representative class A GPCR prototypes: PB2-adrenergic receptor (B2aR) and
Adenosine A2a receptor (A2aR). Both have been crystallized in high-resolution structures, and
have been described to be greatly influenced by their lipid environment. The goal of our study
on B2aR was motivated by published experimental work on this receptor illustrating the lipid
influence. We performed several long-timescale MD simulations to map the allosteric modula-
tion and conformational changes in f2aR which occur as a result of interactions with 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) lipids, respectively, without any
bound ligand (APO state). Thus, our study may provide a molecular explanation to membrane-
dependent receptor constitutive activity. Furthermore, the development of this thesis was
coincident with many other studies involving the process of agonist-mediated GPCR activation
using theoretical approaches, such as MD simulations. Therefore, we thought that the lipid
environment could also aid to explore the molecular mechanisms underlying agonist-mediated
GPCR activation. As a result, we carefully examined the agonist-mediated activation of A2aR
starting from the inactive conformation with the crystalized-bound endogenous ligand adeno-
sine embedded in two homogenous lipidic environments: DOPG and DOPC. Additional simula-

tions with the synthetic agonist NECA allowed us to retrieve more information on the differen-
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tial effects of lipids on agonist function. Thus, our MD simulations provide a basis for the un-

derstanding of how the lipid environment may affect the efficacy of agonists.

Section 5 provides a summary of the thesis, together with a general discussion of the results
and their conclusions. This section also considers further avenues by which this work could be

followed to advance in the GPCR-lipid field.
Section 6 lists the references included in this work.
Section 7 includes the two published papers that constitute the main result of the thesis.

Section 8 is considered as an appendix and includes a third publication, which was obtained
once the formalities for the acceptance of the thesis as a compendium of articles were
achieved. This third article proposes a classical statistical test (multiple-way ANOVA with re-
peated measurements on the time factor) for the analysis of agonist-dependent MD simula-
tions of GPCR activation. This statistical analysis allows, in principle, the exploration of agonist
efficacy within a statistical framework. The lipid environment, whose contribution is the main

element of this thesis was included as a factor of the statistical analysis.

Section 9 includes the supplementary material corresponding to the published articles.

14
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1. BIOLOGICAL MEMBRANES

Biological membranes are one of the most important and complex structures of living cells.
The current view on biological membranes is indebted to the pioneering work of Singer and
Nicolson, also known as the “fluid mosaic” in 1972(1). In turn, this was influenced by a number
of experimental(2) and computational methods(3, 4) that came later. As a result, a growing
number of results have been developed so far, complementing and extending the original
model. Nowadays, we know biological membranes provide effective diffusion (i.e. enable
drugs and metabolites to be transported while keeping waste out of the cell), promote inter-
cellular communication, support energy generation, signal transduction, and serve to define

different compartments within the cell(5, 6).

Primarily, biological membranes consist of a hydrophobic double layer (known as bilayer) of
lipids, with proteins allowed to be bound in different ways(6). New knowledge has been ac-
quired recently, thanks to advances in lipidomics(7) and structural determination(8) and analy-

sis(9) of membrane proteins. Some of them are presented below.

1.1. G-PROTEIN COUPLED RECEPTORS

Membrane proteins such as channels, transporters and pumps help to maintain the structural
integrity and organization of the cell and allow selective and controlled traffic of substances,
owing to the low permeability of the membrane(10-13). In mammals, the largest and most
diverse membrane protein family are the integral membrane GPCRs, encoded by more than
800 different human genes(14, 15). GPCRs mediate the majority of cellular responses. For these

reasons, GPCRs are one of the major targets of current market drugs(16).

Recent analyses of the entire superfamily of GPCRs indicate that these receptors can be
grouped into the following classes based on their sequences and structural similarity: class A
(rhodopsin-like), class B (secretin-like), class C (metabotropic glutamate-like), class D (Fungal),
class E (cyclic AMP receptors), and class F (frizzled/taste2)(14-18). This A—F system is designed
to cover all GPCRs, in both vertebrates and invertebrates. Some families in the A—F system do
not exist in humans. This happens for classes D and E. More recently, an alternative classifica-
tion system called GRAFS (Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2, Secretin) has
been proposed for vertebrate GPCRs(14, 19-21).

16
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In all crystallized proteins to date, GPCRs have been observed to share the following conserved
motifs: seven transmembranes (TMs) a-helices, three intracellular loops (ICLs), three extracel-
lular loops (ECLs), a G-protein coupling intracellular site and a ligand-binding extracellular

site(22).

1.1.1. GPCR ACTIVATION

Importantly, GPCR structure determination has been accompanied by functional knowledge;
and crystallization of these receptors has provided new insights into the features of their acti-
vation process(23, 24). GPCRs are flexible proteins that fluctuate between different confor-
mations that can be broadly grouped into inactive, active and intermediate states(25, 26). The
transitions between these states, in particular, from the inactive to the active state, can occur
during timescales of nanoseconds to milliseconds(27, 28). Most GPCRs exhibit these transitions
spontaneously allowing receptor activation to occur, which is known as receptor constitutive
activity or basal activity(9, 29-31). Further, the GPCR activation process can be modified both
in its magnitude and dynamics by the binding of endogenous or exogenous extracellular lig-

ands(32, 33).

GPCRs can bind a great variety of ligands: neurotransmitters, ions, odorants, tasting molecules,
amino acids, nucleotides, peptides and even photons(32, 33). The receptor cavity to which the
endogenous ligands responsible for receptor function bind is known as the orthosteric binding
site. From a pharmacological perspective, GPCR ligands can be classified according to the effi-
cacy they show for the activation of a particular signalling pathway into agonists, inverse ago-
nists and neutral antagonists (Figure 1 A)(9). Agonists promote the active conformation above
the basal level, with full agonists achieving the same maximum functional response as the en-
dogenous agonists. Partial agonists show lower asymptotic maximum activity than full ago-
nists. Inverse agonists display functional response below basal activity and neutral antagonists
do not affect the basal response but compete with other ligands for the orthosteric binding

site.

Upon agonist binding on the extracellular site, a sequence of conformational changes, which
affect mainly the TM domain, is triggered(29). Each class of the GPCR family has its specific
mechanism to transmit the ligand-bound extracellular signal. Starting at the orthosteric bind-
ing site, the activation process runs along the TM domain reaching the intracellular side, allow-

ing the opening of the cavity for the coupling of the heterotrimeric (Gopy) G protein(34). Then,
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the G protein undergoes GTP/GDP exchange with subsequent dissociation of Ga and GBy sub-
units that, in turn, interact with specific downstream intracellular effector systems, including
the modulation of the cytoplasmic calcium release(35) and the production of cyclic adenosine
monophosphate (cAMP), phosphatidylinositol-4,5-bisphosphate and diacylglycerol(34) (Figure
1 B). In due course, through the process of desensitization, the active conformation of the re-
ceptor is prevented and signalling is attenuated by agonist dissociation and/or deactivation
through interaction with B-arrestins(36, 37) in response to activation-specific phosphorylation
by G protein-coupled receptor kinases and/or internalization(38, 39). This constitutes the G
protein-dependent signalling pathway, while GPCRs may also transduce signals through the G
protein-independent signalling pathways when other transducers, such as G protein-coupled

receptor kinases (GRKs) and arrestins are involved (Figure 1 B).

A) B) G-protein-dependent signalling
Efficacy Au“ @&» ..
Jb Fiten ol Hrheidiias
O toms - @ ‘T; ~ @ ’7‘, — Lum“ - 'p,
2100 - MM ot WL,
g GD
g .G- protem |ndependent S|gnaII|ng
8 s0- q\
E‘ Z
- . .5*
& s G
C| L. - . gl
Log drug concentration ogacatn E
-

Figure 1. The GPCR functional response: different signaling pathways can be promoted by a
single GPCR.

A) Ligand classification based on their asymptotic maximum response (efficacy). B) Agonist
binding promotes receptor conformational changes affecting mainly the TM domains (in par-
ticular, TM6, blue). A varied array of intracellular signalling proteins, including G-proteins (or-
ange), GRKs (pink) and arrestins (cyan and brown) are bound to the activated receptor leading

to different signalling pathways. Taken and adapted from W. I. Weis and B. K. Kobilka, 2018(9).

However, due to the difficulties in crystallizing membrane proteins(40, 41), the crystal struc-

tures of most GPCRs are not yet determined.
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1.1.2. CLASS A G PROTEIN-COUPLED RECEPTORS

To date, the majority of the available GPCRs crystal structures belong to class A (or rhodopsin-
like), which are the largest protein family in humans(42, 43). As a result, class A members are
usually the most studied and represent an important target for therapeutic purposes(44). At
the time of performing this study, 52 class A GPCRs crystal structures had been determined(45,
46).

Of these, there are five receptors for which the structures of both inactive and active (either
full active or active-intermediate) states are available: rhodopsin(47), B2aR(48, 49), M2 musca-
rinic receptor (M2R)(50), A2aR(51, 52), and p-opioid receptor (MOR)(53). The crystallization of
these class A GPCR active structures has served as an important factor in understanding GPCR
activation(9), allowing the characterization of highly conserved amino acid sequence
motifs(54), which presumably play important functional roles in the apparently common sig-

nalling mechanism shared by all family members(9, 25, 42, 55).

Notably, despite differences among class A GPCRs, inactive- and active-state structure
comparisons indicate similar activation-related characteristics concerning conformational
changes on the receptor's intracellular side. One of the important rearrangements is the
outward movements of TM helices 5 and 6 (including rotation in the latter)(25, 55).
Additionally, TM3 and TM7 also undergo significant conformational changes during activation.
Specifically, the intracellular part of TM7 shows an inward movement whereas TM3

translocates vertically(25, 55).

These helix movements during activation are mediated by local microswitches on conserved
motifs(54). Such conserved motifs include the D(E)RY, the CWxP, and the NPxxY, where “x”
stands for any amino acid residue(55). To facilitate the comparison of the motifs among the
different receptors, we include the Ballesteros-Weinstein numbering scheme as a superscript,
which aids in the comparison between homologous class A GPCRs(56). A particular residue is
formatted as X.ZZ, where X represents the helix, 1-7; and ZZ, the residue position relative to
the most conserved residue in the named helix (denoted as X.50). For instance, 5.42 indicates a
residue in TM5, eight residues before the most conserved residue, Pro>*°. In the case where
the residue is placed on the loop between two helices, a specific format of X(Y).ZZ is used. In
this context, X and Y represent the previous and following helices, and ZZ is the location rela-

tive to the most conserved residue in the loop.
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The D(E)RY motif is located at the intracellular end of TM3. The electrostatic interaction be-
tween R**° and E®3° on TM6 (known as ‘the ionic lock’) is supposed to stabilize the inactive
conformation(57, 58). The breaking of this interaction facilitates the movement of TMs 3 and
6, and receptor activation(9). The NPxxY motif located at the intracellular end of TM7 is ob-
served to switch inwards in the activated crystal structures. Finally, the CWxP motif is located
in the middle section of TM6. In particular, the sidechain rotamer of W%, in CWxP, was pro-
posed to assume a toggle role in GPCR activation, in recent nuclear magnetic resonance (NMR)
studies(59). However, W6.48 does not appear to change its sidechain rotamer in crystal struc-
tures of agonist-bound GPCRs reported later(48, 49, 51, 52, 55). These arrangements have got
great significance in clarifying several aspects of GPCR activation(9). The importance of water
networks in GPCR activation has also been supported by recent crystallographic data(60, 61).
Various studies have shown how ordered waters interact with residues that are important in

disease states, binding of drugs, receptor activation, and signalling(62-65).

As an additional level of complexity and subtlety in the mechanism of signal transduction, the
communication between the orthosteric ligand-binding site and the cytoplasmic region of the
receptor responsible for transducer protein binding seems to be loose because they are not
rigidly coupled(9, 66). Therefore, the fully molecular processes behind ligand-dependent
(de)activation of GPCRs remains scarce, and it is essential to work deeply both at the
experimental and computational levels to understand the molecular functioning of these

proteins and expectedly perform more efficient drug discovery(9, 25, 42).

1.2. MEMBRANE LIPIDS

Lipids are amphiphilic molecules that spontaneously form a bilayer where the hydrophobic
acyl chains are present in the interior and the hydrophilic head groups face outside(67). The
main components of the cellular membranes are phospholipids (or also called phosphoglycer-

ides), sphingolipids, glycolipids and sterols (Figure 2)(68).

Phospholipids are the most abundant lipids in eukaryotic membranes. They are named consid-
ering firstly their glycerol backbone, and secondly the phosphate-containing moiety. Phospho-
lipids present a polar head group and two hydrophobic fatty acid tails. The two-fatty acid
chains may vary in length and saturation state(69). The phosphate group can be esterified with
another hydrophilic compound. This allows to classify them into separate classes, based on the

nature of the hydrophilic moiety. These classes are named as phosphatidylcholine (PC), phos-
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phatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG) or phosphatidyl-
inositol (PI) (Figure 2)(70). Moreover, the different head groups differ in the charge carried by
the polar head groups at neutral pH: some phosphoglycerides (e.g., PC and PE) have no net
electric charge; others (e.g., PG, Pl, and PS) have a net negative charge (Figure 2 A-E). Phospho-
lipids and sphingolipids share a similar structure (Figure 2 F). Sphingolipids are composed by a
polar head group and two long non-polar side chains. Sphingolipids are present in all mem-
branes but are particularly abundant in the nervous system, where they are important for
proper brain development and functions(71). Sterols are important non-polar components of
mammal, plant, and fungal membranes. The basic structure of steroids is the four-ring hydro-
carbon. In particular, cholesterol (Figure 2 G) plays a key role in membrane protein in mam-
mals(72). Due to this large structural heterogeneity(68), the lipid composition and distribution
varies among bilayers(73-75). PC, sphingomyelin, and glycolipids are preferentially located at
the outer layer of the membrane. Meanwhile, Pl, PE, and PS are localized in the cytoplasmic
half of the bilayer. Some authors have suggested that this diversity could be associated with

the differential roles and properties that they perform(76, 77).
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Figure 2. Molecular structure of the some lipid species in biological membranes.

Representative structures from each of the most important lipid categories: A) Phosphatidyl-

choline (PC) B) Phosphatidylethanolamine (PE) C) Phosphatidylserine (PS) D) Phosphatidylglyc-

erol (PG) E) Phosphatidylinositol (PI) F) Sphingolipid (SM) G) Cholesterol. Colour coding of the
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atoms is as follows: red for oxygen, magenta for phosphorus, blue for nitrogen and black for

carbon.

Indeed, the functional role of lipids is increasingly considered more important. Recent works
pointed towards lipids as a cause of some human diseases, including cancer(78) and neuro-
degenerative diseases(79), as shown by membrane changes in the brains of Alzheimer’s and

Parkinson’s patients(80-83)

At the same time, lipids have been found to influence GPCR activity(84-87). This matter was
introduced after several observations. Firstly, in the absence of ligands, some GPCRs exhibit
basal activity, thought to be caused by their surrounding environment, which provides enough
energy for the receptor to reach an active state(9, 29-31). Further, lipids facilitate the recruit-
ment of heterotrimeric G-proteins(88) and help their crystallization process(41, 89). Moreover,
GPCRs are integral membrane proteins with a significant portion of the protein embedded in
the membrane. Therefore, portions of protein structures directly interact with the acyl por-
tions (hydrophobic) of the lipid membrane. This is accomplished by the hydrophobic matching
between the hydrophobic lipid bilayer and the GPCR(85, 86, 90, 91). This means that the thick-
ness of the lipid bilayer could adapt to the protein if the width of the protein is not equal to

the membrane(92).

Lipids not only determine the biophysical properties of GPCRs in the membrane but also the

propensity of these receptors to activate through allosteric protein-lipid interactions.

1.3. MOLECULAR CHARACTERIZATION OF GPCR (DE)ACTIVATION AND LIPID-GPCR IN-
TERACTIONS

Given the increasing number of results that point to lipids as important modulators of GPCR
structure and function, great interest has formed around the underlying molecular mecha-
nisms that govern their interactions, and could potentially be of interest for pharmaceutical
research and drug discovery. Nevertheless, the regulation of GPCR function by the allosteric

modulation of lipids is not yet well understood.

Importantly, the growing advancements in biophysical techniques allow the gathering of rele-

vant information at the molecular level. In particular, MD simulations have proven to be a reli-
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able computational approach to explore in detail protein-lipid interactions, receptor-ligand

binding, and receptor conformational changes(93).

In this context, the present thesis represents an effort towards the molecular characterization
of GPCR-lipid interactions with a special emphasis on their involvement in the activation of
these receptors. We have tried to give a computational content to typical pharmacological
concepts such as receptor constitutive activity and agonist efficacy with lipids as allosteric

modulators.

24



5 ;
UNB it INC

| -
-
Universitat Autbnoma Materials and Methods ( Institut de
deBarcelona & % Neurociéncies

2. MATERIALS AND METHODS

Experimental methods, such as NMR, infrared (IR) and fluorescence spectroscopies together
with X-ray crystallography are some of the techniques that allow obtaining information at the
molecular level on GPCRs. However, obtaining data on the molecular mechanisms responsible
for the receptor activation process with the inclusion of lipid-protein interactions is challeng-
ing. In this regard, computer simulation approaches have proven helpful in opening new ave-
nues in the knowledge of the conformational dynamics and function of these proteins. In par-
ticular, MD simulations have been successful in providing accurate molecular features of GPCR

conformational space(93).

In the section of the thesis devoted to our published studies, articles have been inserted that
summarize the computational work developed during the thesis period. Each of these articles
includes its corresponding methods section with a detailed description of the techniques in-
volved. Thus, to avoid redundancy, this chapter offers herein a brief introduction to MD simu-

lations, the key methodology used in our studies.

2.1. INTRODUCTION TO MD SIMULATIONS

MD simulations aim to explore and chemically understand the dynamics of biomolecular sys-
tems. Thus, they can be considered relatively close to some experimental techniques such as
NMR and complementary to others such as X-ray crystallography or electron microscopy(94).
MD is an ideal computational technique for studying GPCR conformational flexibility in a

membrane environment and the effects exerted by ligands and lipids(95).

MD simulations are indebted to the pioneering work by Alder and Wainwright during the
1950s(96). Briefly, MD simulations is a deterministic technique that tracks the time fluctuation
of the atomic positions or a molecular system with high spatiotemporal resolution(95, 97-100).
MD algorithms allow the description of the temporal evolution of atoms according to their

potential energy according to Newton’s laws.

Newton’s second law or the equation of motion (Fi=miai) can be presented for a group of N
atoms, where F;is the force exerted on particle i, miis the mass of particle i and a;is the accel-
eration of particle i. This force is determined by empirical parameters, also called force fields
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(FFs). The FFs are a collection of mathematical equations to model the potential energy, charge
polarization and associated constants, designed to accurately reproduce the molecular geome-
try obtained from X-ray, NMR, IR, etc (101). The most used FFs to study GPCRs using MD simu-
lations are AMBER(102), CHARMM(103, 104), GROMOS(105), and OPLS(106). As a result, the
atoms follow a trajectory, calculated by the initial distribution of velocities and their accelera-
tions, which is determined by the gradient of the potential energy function, and the initial po-
sitions of the atoms. The potential energy is a function of the atomic positions of all the atoms
in the system. To solve the equation for each atom, different algorithms, such as Verlet(107) or

leapfrog(108), are applied.

MD simulation techniques have been improved over time to obtain more reliable results. The
two most important techniques developed in this area are associated with the control of tem-
perature and pressure. Several thermostats have been developed to keep the system around
the desired temperature, such as Langevin (109) and the Nosé-Hoove thermostat (110). Be-
sides, as most experiments are performed under constant pressure, barostats have been de-
veloped to keep simulations under constant pressure, such as the Berendsen barostat (111). As
a consequence, the calculations can be carried out either at the desired NVT (N: constant par-
ticle number, V: constant volume, T: constant temperature), set by inserting the thermostat
into the system, or at the desired NPT (P: constant pressure), set by incorporating both ther-
mostat and barostat into the system. The Berendsen barostat and Langevin thermostat are

perhaps the most typically used for MD simulations as previously have been reported (112).

2.2. LIMITATIONS OF MD SIMULATIONS

Although MD has proved to be a reliable computational approach, it has limitations. As hap-
pens in general with all computer science methods, its application is limited by timescales,
algorithms and technical implementations. The main limitation is that some biomolecular pro-

cesses (such as receptor activation) occur over long-timescales.

To overcome these limitations, the field of MD simulations has developed different approach-
es involving particle resolution and timescales. | will mention three main types of MD simula-
tions: all-atoms (AA)(113-115), coarse-grained (CG)(116, 117), and intermediate “hybrid” reso-
lution (e.g. PACE)(118-120). The AA MD simulations provide high-resolution information at
both time and spatial level (fs and angstrom levels). However, the duration of biomolecular

phenomena such as conformational receptor activation and ligand unbinding usually go be-
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yond the AA MD capability because of their computational cost(121, 122). Thus, to avoid this
problem and, therefore, extend the simulation timescales, CG MD simulations were devel-
oped. In the latter simulations, atoms are not treated as individual entities but grouped into
bigger objects to simplify the representation of big molecules. However, this often results in a
loss of accuracy, particularly concerning the secondary structure of the protein models(123).
PACE simulations have been developed to couple lipids and solvents, modelled from MARTINI
CG, while proteins are represented by GROMOS AA force field or the PACE UA force field. In
this way, it is possible to arrive at long-timescales compared to AA simulations, while at the
same time a complete atomic representation of the secondary structure of the protein is pre-

served.

Apart from advances in methodological approaches, computer architecture developments are
of great help to achieve long-timescales, while maintaining the accuracy present in AA MD
simulations. An example resides in the graphic processing unit (GPU) hardware, which contains
numerous cores with parallel architecture, which is efficient for computational applications

such as MD(124, 125).
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3. MOTIVATIONS, HYPOTHESES AND AIMS

3.1. THE RESEARCH PROBLEM ADDRESSED IN THE THESIS

GPCRs are involved in numerous human diseases(126-128). This makes them very important
targets for drug discovery programs in the pharmaceutical industry in the quest for new medi-

cines.

Although GPCRs have been extensively studied during the past decades, the underlying struc-
tural and functional mechanisms responsible for the many critical regulatory processes con-
trolled by this protein superfamily remain unclear, including the first step of signal transduc-
tion as receptor activation and lipid allosteric modulation(25). Hence, there is a tendency in

recent years to obtain more information at the molecular level(122, 126).

In this section, we highlight some of the most relevant MD findings and limitations that influ-
enced the conception and development of this thesis, namely, GPCR conformational changes

and activation, ligands modulation, and lipid allosteric modulation.

MEANINGFUL TIMESCALE MD SIMULATIONS ARE NEEDED

There has lately been a growing interest in developing modelling methods for MD
simulations(112, 129). Achieving significant timescales, while maintaining atomistic resolutions
and accurately simulate biological processes is a critical step that is conditioned by the capacity

of computational resources.

The introduction of strategies that consider recent cost-effective accelerator processors, such
as the IBM Cell processor and Nvidia's GPUs, represents a well-positioned innovation that effi-
ciently enhances AA MD. Nowadays, significant timescale MD simulations are possible and
easier through ACEMD software(112). Particularly, this software takes advantage of GPUs to
achieve relevant timescales (us) while maintaining atomistic resolution through CHARMM and

AMBER FFs.

B2AR AND A2AR WERE SELECTED AS THE RESEARCH SYSTEM
B2aR(27, 28, 85, 130-143) and A2aR(144-148) have been the subject of numerous studies in
the context of MD simulations. Thus, there is a rich corpus of literature to which our results

can be compared.
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To this end, it is essential to utilize crystal structures of good quality to properly run reliable
MD simulations, explore GPCR activation and tackle protein-lipid interactions. In this sense,

B2aR and A2aR provide the basis presented in this thesis.

INFLUENCE OF THE MEMBRANE LIPID ENVIRONMENT ON G PROTEIN-COUPLED RECEPTOR
ACTIVATION

The typical behaviour of class A GPCRs, when they are simulated without a bound G protein, is
to fluctuate between inactive and intermediate states without inducing the fully active recep-
tor conformation, even in the presence of an agonist(20, 27, 137, 144, 149-153). Therefore,
one of the current challenges when running MD simulations on GPCRs is to understand the

molecular basis of their agonist-mediated transition from the inactive state to the active state.

In this regard, several studies have suggested that various factors related with lipids, such as
the lipid headgroups, the length of acyl tails, and bilayer thickness may be involved in particu-
lar conformational changes in the protein, which may have implications in the activation of
GPCRs(3). Hence, the consideration of different lipidic compositions of the membrane and the
analysis of the allosteric influences of the selected lipids may be an important element in the

exploration of GPCR activation by MD simulations.

3.2. HYPOTHESES

The following hypotheses have been proposed as the subject of the research for this thesis to
take a step forward in the knowledge of GPCR activation in an lipid-dependent membrane

environment:

1- The application of ACEMD AA MD simulations can give reliable and achievable molecu-
lar details on GPCR conformational ensembles and protein-lipid interactions, which

presumably will agree with experimental data.

2- To understand the determinants of membrane-lipid composition on the (de)activation

of class A GPCRs, various lipids should be chosen and their allosteric actions analyzed.

3- The distinct lipid headgroups might lead to specific molecular interactions with the re-
ceptor, leading to different protein conformations with potentially functional implica-
tions. Ultimately, these interactions may induce the (de)activation of class A GPCRs as

well as the stability of ligands in the receptor binding site. Thus, the analysis of lipid-
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receptor interactions and their allosteric transmission through the protein can provide

new insights into the structure-function properties of GPCRs.

To sum up, taking profit of the advanced architecture of intrinsic parallelized GPUs and the
implementation of ACEMD software, it is expected that AA MD simulations of some selected
GPCRs in membranes of different lipid compositons will provide relevant information on the

receptor activation process and lipid allosteric modulation, in achievable timescales.

3.3. AIMS AND OBJECTIVES

The general aims of this thesis are:

1. To better understand at the molecular level the pharmacological properties of consti-

tutive receptor activity and agonist efficacy by MD simulations.

2. To identify the lipid-receptor interactions allosterically contributing to receptor activa-

tion.

3. To provide a methodology that can be transferable to different receptor systems and

that can set the basis for a new structure-based drug design.

To accomplish these general aims, two class A GPCRs were selected: B2AR and adenosine

A2aR. For each of these systems the following specific objectives were proposed.

FIRST ARTICLE OF THIS THESIS: “STRUCTURAL INSIGHTS INTO POSITIVE AND
NEGATIVE ALLOSTERIC REGULATION OF A G PROTEIN-COUPLED RECEPTOR
THROUGH PROTEIN-LIPID INTERACTIONS”.

New experimental data on B2aR coming at the beginning of the present thesis pointed to
phospholipids as essential allosteric modulators of GPCR activity(84). However, how lipids ex-

ert their effects on GPCR conformations at the atomic level was unclear.
Therefore, the specific objectives of this study were:

i. To map at the atomic level the allosteric modulation that DOPE, DOPC and DOPG

phospholipids exert on apo $2aR in an active receptor state.

ii.  To extract general mechanistic conclusions on phospholipid-GPCR interactions.
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SECOND ARTICLE OF THIS THESIS: “INSIGHTS INTO ADENOSINE A2A RECEPTOR
ACTIVATION THROUGH COOPERATIVE MODULATION OF AGONIST AND ALLOSTERIC
LIPID INTERACTIONS”.

The understanding of the molecular interactions involved in agonist binding and ensuing re-
ceptor activation is essential for rational drug design in GPCRs. In particular, agonist binding to
A2aR does not guarantee that the active state is reached during MD simulations(150). Thus, to
our knowledge, previously to the publication of this study, the full transition of A2aR from the
inactive to the active state had not yet been described with unbiased MD simulations. Thus it

remained unclear how the agonist-mediated activation of A2aR occurs.

Therefore, by using as a starting point the inactive crystal structure of A2aR, the specific objec-

tives of this study were:

i. To identify the molecular determinants of A2AR activation by adenosine under differ-

ent lipid environments.

ii.  To identify the differential allosteric effects of lipids on adenosine-mediated A2aR acti-

vation.

iii.  Tovalidate adenosine results with NECA, a more potent A2aR agonist.

3.4. PROTOCOL TO ACCOMPLISH THE OBJECTIVES

To develop an investigation that allows us to fulfil the stated objectives, all MD simulations
were performed with ACEMD software(112) on specialized GPU-computer hardware. As a
general approach, the receptor complexes were embedded in a containing lipid bilayer and
solvated with TIP3P water molecules above and below the membrane, with a concentration of
0.3 M KCI for zero system net charge. Membrane, water and protein parameters were gener-
ated according to the CHARMM36 force-field(104) and adenosine/NECA parameters were
generated according to CGenFF v1.0.0(154). The exact size of the system and type of lipid var-
ied depending on the specific system (see each published study for particular details). Each
receptor-membrane system was equilibrated for 28 ns at 300 K (Langevin thermostat) and 1
atmosphere (Berendsen barostat). During the initial 8 ns of equilibration, protein and ligand
heavy atoms were harmonically restrained and progressively released over 2 ns. During the

final 20 ns of equilibration, no restraints were applied. Unrestrained production MD trajecto-
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ries were yielded under the same conditions with varying total time length depending on each

study, but always using 4 fs time step.
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4. RESULTS

The purpose of this thesis has the ultimate objective of gaining insight into the impact of the
membrane lipid environment on the (de)activations of GPCRs by MD simulations. This has
been done to better understand the regulatory processes behind Class A GPCRs, which, hope-
fully, would allow in a later step the design of more effective drugs. To this end, two prototypi-

cal class A GPCRs, B2aR and A2aR, embedded in different lipid environments, were selected.

The work presented in this section belongs to the following published studies, which are re-

ferred in the text by the chapter’s numbers:

4.1. Structural insights into positive and negative allosteric regulation of a G protein-
coupled receptor through protein-lipid interactions. Bruzzese A, Gil C, Dalton JAR, Gi-

raldo J. Sci Rep. 2018;8(1):4456. Published 2018 Mar 13.

4.2. Insights into Adenosine A2a receptor activation through cooperative modulation of
agonist and allosteric lipid interactions. Bruzzese A, Dalton JAR, Giraldo J. PLoS Comput

Biol. 2020;16(4):e1007818. Published 2020 Apr 16.

Agustin Bruzzese (AB) performed the corresponding MD simulations and analysis under the
supervision of James Dalton (JD). Also, AB was involved in the writing of the first versions of
the manuscripts, whereas the subsequent versions were co-supervised by Jesus Giraldo and
JD. The central findings of these studies are provided in this section regarding the original

premises and specified objectives.

4.1. STRUCTURAL INSIGHTS INTO POSITIVE AND NEGATIVE ALLOSTERIC
REGULATION OF A G PROTEIN-COUPLED RECEPTOR THROUGH PROTEIN-LIPID
INTERACTIONS

Long-timescale MD simulations revealed the molecular effects of three lipids on B2aR activity
via different protein-lipid interactions. In agreement with published experimental results, we
show that net negatively charged lipids (such as DOPG) stabilize an active-like B2aR state that is
capable of docking Gsa protein. Net-neutral zwitterionic lipids (DOPE and DOPC), on the other
hand, inactivate the receptor, generating either fully inactive or intermediate states with

kinetics depending on the distribution of lipid headgroup charge and hydrophobicity. Such
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chemical variations among lipid head groups change the thickness and density of the
membrane, which, by lateral compression effects, destabilizes the active state of [2aR

differently. This reveals how and why B2aR is sensitive to its cell membrane environment.

4.2. INSIGHTS INTO ADENOSINE A;a RECEPTOR ACTIVATION THROUGH
COOPERATIVE MODULATION OF AGONIST AND ALLOSTERIC LIPID
INTERACTIONS

The results gathered on B2aR were used to uncover the underlying molecular mechanism be-
hind A2aR activation. In this regard, long-timescale MD simulations consistently showed the
activation process of A2aR in different lipid environments. In DOPC with bound adenosine, we
observe the transition to an intermediate receptor conformation consistent with the known
adenosine-bound crystal state. Two different intermediate conformations were obtained in a
DOPG lipid membrane. One is similar to that observed in DOPC with bound adenosine, while
the other is closer to, although not fully reached, the active state. Exclusively with DOPG and
the adenosine-bound receptor, we consistently reproduced the fully active receptor character-
istics. The presence/absence of agonist and phospholipid-mediated allosteric effects on the
intracellular side of the receptor are factors responsible for these singular receptor confor-
mations. These results suggest that cooperative effects between receptor-bound ligand and
lipids play a key role in GPCR activation. Finally, the results exhibit how and why A2aR, similarly

to B2aR, is sensitive to its cell membrane environment.

Overall, we believe our results have contributed to understanding the receptor allosteric
modulation through protein-lipid interactions. These results on A2aR and B2aR are in good
agreement with experimentally reported data(84, 155). The obtained results show the
modulatory effect of membrane lipid composition on GPCR conformational ensembles. In

addition, it may be speculated that such modulation may be important for other GPCRs.

To some extent, these findings may also be meaningful in the design of drug discovery
programs and might explain how membrane impairment in some diseases (e.g. Alzheimer’s
and Parkinson’s) could affect GPCR-mediated cell signalling. This suggests the relevance that
the membrane lipid composition and the methodologies that include this factor may have in

GPCR-based therapeutics.

Therefore, in this thesis, a detailed analysis of lipid effects on GPCR function and ligand efficacy

is presented, which is consistent with current experimental data.
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5. CONCLUSIONS

The research herein presented was aimed to examine the effect of the lipid composition of the
cell membrane on GPCR (de)activation. Importantly, the allosteric interactions exerted by lipids
affect the population distribution of active and inactive receptor states, thus leading to a
complex signalling network. This is the reason why there is increasing interest in exploring
methodologies and techniques to increase the current knowledge on the molecular
mechanisms by which lipids modulate the activity of GPCRs, as this could have a direct impact
on drug discovery. This work offers new insights into this field by selecting two prototypical
class A GPCRs and applying AA MD simulations. The following general conclusions were

reached:

1. The first hypothesis of this thesis states that the high computational performance of
ACEMD software could facilitate the description of the molecular mechanisms that govern
protein-lipid interactions and their involvement in GPCR (de)activation by making long-
timescale MD simulations computationally accessible. This hypothesis has been
accomplished in our two published studies in which computational results seem to be in

good agreement with experimental data.

2. The selection of two crystal structures, one in an active state (B2aR) and the other in an
inactive state (A2aR), has allowed us to analyze different aspects related with receptor
(de)activation. Comparison between the stabilization of an active state, in the case of
B2aR, with the induction of an active state from a starting inactive state, in the case of
A2aR, allows to identify the conmmonalities and differences between conformational
selection and conformational induction mechanisms, using MD simulations. On the other
hand, we consistently have described similar positive and negative allosteric modulation
on these GPCRs through the differential effect of various phospholipids. These modulatory
effects depend on the formation/lack of electrostatic interaction between the lipid
headgroups and the protein. As a result, a molecular view on how lipids modulate GPCR

function is provided.

3. Finally, this work can be relevant for other research groups either from the private or

public sectors involved in the GPCR field. We believe this methodology can be extended to
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other GPCRs following similar premises.

5.1. FURTHER DIRECTIONS

The work presented in this thesis can be further extended to cover other aspects in the com-

plex GPCR field:

1- To study the effect of lipids on GPCR dimerization. There is a significant amount of
experimental data pointing to receptor oligomerization for new therapeutic
approaches (bivalent drugs)(156, 157). In this context, membrane lipids seem to be

tightly involved in the regulation of GPCR oligomerization.

2- To explore the effect of lipid-GPCR modulation using MD simulations with varying
complexity scale. The accuracy of AA FF calculations comes with a high computational
cost if it is required to perform them at biologically relevant timescales (micro-
seconds). At the beginning of the study, we expected that the CG MARTINI FF would be
a useful alternative for studying lipid-protein interactions and receptor activation due
to its reductionist nature, which would allow for a significant speed-up in
computational performance. However, the resulting protein behaviour and protein-
lipid interactions were not consistent with experimental results and we left this
approach. Thanks to the continuous advances in the field of MD simulations, it could
be that today, CG MARTINI FF is sufficiently accurate, and therefore could become a

great asset for the study of protein-lipid interactions.

3- To develop a close-physiological membrane. Although this current research presents
two prototype class A GPCRs in the context of different membranes, it remains to be
studied how a more physiological membrane (both in disease and healthy contexts)

might affect GPCR functional behavior in a more physiological-like setting.
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Lipids are becoming known as essential allosteric modulators of G protein-coupled receptor (GPCRs).
However, how they exert their effects on GPCR conformation at the atomic level is still unclear. In light
of recent experimental data, we have performed several long-timescale molecular dynamics (MD)

. simulations, totalling 24 s, to rigorously map allosteric modulation and conformational changes in the

. @, adrenergic receptor {32AR) that occur as a result of interactions with three different phospholipids.

. In particular, we identify different sequential mechanisms behind receptor activation and deactivation,
respectively, mediated by specific lipid interactions with key receptor regions. We show that net
negatively charged lipids stabilize an active-like state of 2AR that is able to dock G,cx protein.
Clustering of anionic lipids around the receptor with local distortion of membrane thickness is also

: apparent. On the other hand, net-neutral zwitterionic lipids inactivate the receptor, generating either

. fully inactive or intermediate states, with kinetics depending on lipid headgroup charge distribution and
hydrophobicity. These chemical differences alter membrane thickness and density, which differentially
destabilize the 32AR active state through lateral compression effects.

G protein-coupled receptors (GPCRs) are implicated in the regulation of many physiological and pathological
processes’. For this reason, GPCRs are a major target of current marketed drugs—'_ GPCRs are seven-helix trans-
membrane domain (7TM) receptors that reside in and ﬁignal through the lipid membrane of the cell’. From
an atomistic perspective, GPCRs are flexible proteins that fluctuate between several conformations that can be
broadly grouped into inactive, active and intermediate states, and which can be modulated by ligands’. The tran-
sitions between different conformations, for instance from active to inactive state, can occur along time scales
of nanoseconds to milliseconds®®. However, it is still unclear how exactly ligand binding induces (or selects for)
receptor activation and elicits efficient signal transduction®**7, In addition to modulation by ligands, phospho-
lipids have been shown to alter the activity of certain proteins by interacting with transmembrane helices, for
example in sarcoplasmic reticulum Ca®* - ATPase, large-conductance mechanosensitive channel MscL, multidrug
transporter LmrP, and rhodopsin®®. These effects have typically been shown o be mediated by H-bond formation
{or lack thereol) between the protein and phospholipid hcsdgmups“. In addition, interactions with cholesteral
have been shown o be important for GPCRs, e inﬂucnci.ng ionic-lock formation in AZA adenosine receptor!”
and thermal stability of 1, adrenergic receptor (F2ZAR)'.

Molecular dynamics (MD) is a suitable computational technique for studying GPCR flexibility in its mem-
brane environment. MD simulations at atomic resolution can give information on specific molecular processes,
including interactions of proteins with lipids, receptor-ligand binding, and receptor conformational change'®.
Recent X-ray crystal structures of 32AR have provided high-resolution insights into two major conformations
associated with GPCR function: an inactive inverse agonist-bound state' and an active state in complex with an
agonist and G, protein'?. These erystal structures constitute a reference point for comparison between active and
inactive states (see SI Figs | and 2). Moreover, the B2AR is widely expressed lhmughuut the body and can adnpl

Laboratery of Molecular Meuropharmacology and Bicinformatics, Institut de Newrociencies and Unitat de
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on Mental Health (CIBERSAM), 08193 Bellaterra, Spain. 'Department of Biochemistry and Molecular Biclogy, Institut
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Figure 1. Structural comparison of DOPC, DOPE and DOPG unsaturated lipids. DOPC (A) contains two
fatty-acid chains of 18 carbons each (R} and its headgroup, which is composed of a positively-charged choline
group bound to the phosphate group. DOPE (B) contains identical fatty-acid chains but its headgroup is
camposed of a positively-charged ethanolamine group bound to the phosphate group. DOPG (C) containg
identical fatty-acid chains but its headgroup is composed of a neutral glycerol group bound to the phosphate
group.

highly diverse conformations with each of them having particular signalling patterns'®. As such, this receptor
constitutes an ideal paradigmatic system for the structural exploration of its (in)activation, both by theoretical
and experimental approaches™ ™', From a structure-function perspective, by comparing the active and inactive
crystal structures, some authors have emphasized the importance of the rearrangement of transmembrane (TM)
helices 5, 6 and 7 in transmitting the signal through the membrane' "', Further research in this area may
include the mechanisms underlying the transitions and fluctuations of 32AR amongst its many conformational
states.

Several MD simulation studies of 32 AR, initialized from its various crystal structures, have been performed before
e ARt dlthough precise methodological protocals differ, most of these MDY simulations share a com-
mon theme. By way of summary, the majority do not include intracellular loop 3 (ICL3) of J2ZAR'S 1818222055035
which is missing in 32AR crystal structures' 1299 and therefore requires explicit modelling. When the active
receptor statels) is simulated, co-crystallized molecules such as G, protein or nanobody are usually first remo
ved 225052 1y addition, most simulations of 32AR are performed within a homegeneous membrane consisting
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipidg®s 18425033 "This is due to the relative
abundance of this particular phosphelipid in healthy mammalian membranes”. Noteworthy, MD simulations of
32AR carried out from the inactive state crystal structure suggest that within this state exist two conformations
that are in equilibrium: an inactive (broken ionic-lock) and a very-inactive (closed ionic-lock)'”, On the other
hand, MD simulations starting from the active crystal structure in a POPC membrane {without bound G protein
or nanobody) usually result in the spontaneous deactivation of the receptor, even with an agonist bound®, This
suggests that the preferred state of (2AR under normal conditions is the inactive, with TMe fluctuating between
a set of inward orientations (representing very inactive, inactive or intermediate), and only adopting an active
state with an outward TM6 when a G protein is bound'*". However, these observations may be influenced by the
absence of ICL3 (which connects TM3 and TM6) in some of these MD simulations. Indeed, in recent MDD studies
which did include ICL3, receptor behaviour was found to be altered because of noticeable allosteric effects™ .
Likewise, experimental data suggests ICL3 is important for the spontancous activation of B2ZARY. Interestingly,
recent data gathered in a 32AR ligand binding study suggests that protein and membrane interplay improves the
interaction between protein and ligand and could be important for drug development®.

In a related experimental study using artificial nanodiscs, the phospholipids 1. 2-dioleoyl-sn-glycero-3-p
hosphoglycerol (DOPG) and 1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine (DOPE) were shown to be strong
allosteric modulators of (2AR, stabilizing and destabilizing the active receptor state, respectively™. Furthermore,
1,2-dioleoyl-sn-glycero-3-phosphocholine (MOPC), a close relative of POPC, does not favour either active or
inactive states and instead allows the receptor to explore different conformations without particular preference™.
The differences between these three phospholipids lie in the electrostatic charges of their headgroups as all con-
tain the same unsaturated fatty acid chains (two chains of 18 carbons each), Both DOPC (Fig, 1A) and DOPE
(Fig. 1B) contain a positively charged headgroup which, in combination with the negatively charged phosphate
group, yields a dipole with net neutral charge. The main difference between them is that DOPC has three methyl
groups connected 1o its headgroup nitrogen atom while DOPE has three hydrogens. This makes the DOPC head-
group more hydrophabic, while the corresponding hydrogens in DOPE are free to make ionic/H-bond interac-
tions with other molecules. Other authors have suggested that DOPE and DOPC have different orientations in
the membrane due to different intermolecular interactions between P-N groups™ . Unlike the other two, DOPG
(Fig. 1C) has a neutral headgroup with two polar hydroxyls which, in combination with the negatively charged
phosphate group, yields a net negatively charged phospholipid.

Lipid characterizations of human tissue show that dioleoyl (DO) fatty acid chains are abundant in mem-
branes'®, Although DOPG lipids specifically have low biological expression (< 2%%), it represents over =7%
of all 32AR-bound phospholipids (= 16% for PG lipids in general]™, which possibly indicates enrichment in
the vicinity of 12AR. As lipid composition can be affected by disease, as shown by membrane changes in the
brains of Alzheimer’s and Parkinson’s patients* , these effects could have a bearing on the activity of GPCRs
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such as 32AR. Along this line of research, recently published MD simulations of 32AR inserted in a homog-
enous 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) membrane has shown that a single ani-
onic lip"td is able to disrupt the receptor ionic lock'®, a l].l'pi-:al feature of the inactive (or very-inactive) receplor
state™" This occurs lhmugh formation of a sall-hridge between the lipid phosphatc group and residue R
{Ballesteros- Weinstein numbering™) of the ionic-lock. Thus, it suggests a possible mechanism by which net neg-
atively charged phospholipids can potentially interact with positively charged residues located at the intracellular
side of B2ZAR, thereby possibly contributing to the {de)stabilization of the (in}active receptor state.

Despite these findings, a structural explanation of both positive and negative allosteric regulation by phos-
phalipids on 32 AR activity remains unclear. To this aim, we focus on the allosteric effects of DOPG, DOPE, and
DOPC phospholipids on the conformational changes of the active state of B2AR, including modelled ICL3, in
unbiased atomistic long-timescale MD simulations, Specifically, we investigate from a structural point-of-view
whether these different phq\sphulipids can ai]c&;terical]y mandulate A2AR in a reproducible fashion, either posi-
tively or negatively as suggested in analogous experiments®, by acting on specific intracellular residues. From
a more general perspective, our results potentially open new insights into how phospholipids might influence
GPCR behaviour and signalling at a molecular level. In addition, the present study suggests that the choice of
membrane lipid composition in computational MD simulations of GPCRs can significantly affect outcome.
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Materials and Methods

B2AR modelling.  The crystal structure of the active state of 32AR (PDB entry: 35N6)" was selected. The G,
protein complex, nanobody, lysozyme-fusion protein, and co-crystallized agonist were removed from the struc-
ture, Mutated residues (T96, T98 and E187) were substituted by native ones (M96, M98 and N187) in order
to abtain a wt receptor sequence, The crystallographic-missing extracellular loop 2 [ECL2) was completed by
homology modelling to the corresponding region of the inactive crystal structure of i2ZAR (PDB entry: 2RH1)"
using MODELLER v9.14*. Intracellular loop 3 (ICL3) was confirmed using secondary structure prediction tools,
Jpred™ and PSlpred™ (residues 238 to 262} and then modelled using MODELLER. The complete receptor was
then energy-minimized in the AMBER-145E force-field” with CHIMERA™.

Molecular dynamics (MD) simulations. Three all-atom MD systems were constructed, consisting of
S2AR in active state (as described above] in three homogeneous membranes: DOPG, DOPE and DOPC (Fig. 1),
respectively, using CHARMM-GUT™, Each receptor-membrane system was solvated with TIP3P water molecules
ahove and below the membrane, with a concentration of 0.3 M KCl for zero system net charge. On the protein, six
residues were protonated according to previously published MD simulation protocals specific for J2AR, as well
as being consistent with protocols used for other homologous Class A GPCRs'™9: D792 E122*4, D130%4,
D234%7 E237°™ and E268% (Ballesteros-Weinstein numbering™ as superscript). MD simulations were per-
formed using the CHARMM36 force field®' and ACEMD software™. Briefly, each receptor-membrane system was
equilibrated for 28 ns at 300 K and 1 atmosphere. During the initial 8 ns of equilibration, the protein was harmon-
ically restrained and progressively released over 2 ns steps. During the final 20 ns of equilibration, no restraints
were applied. For each receptor-membrane system a production run of 4 ps was performed without restraints
under the same conditions, with a second replicate simulation executed in each case to verify observations. This
canstitutes a total production simulation time of 24 ps.

MD simulation aha'vﬁs. For each MDD simulation trajectory, root mean square deviation (RMSD) measure-
ments of the transmembrane (TM) domain (TM helices 1-7 plus helix 8), as well as TM6 or ICL3 by itself, were
made with VMD software™ v1.9.2 in order to evaluate protein conformational changes and stability of receptor
state. The distance between the Crv atoms of ionic-lock residues R131%% on TM3 and E268°" on TM#6 was used
as an indication of proximity between these two helices. RMSD of the “triad core’, named by Huang ef al.™, (all
heavy atoms of residues: [121%%, F211°* and F282%*) was used as an indicator of receptor state***, In order
to assess membrane characteristics and protein-membrane interactions: i) the distance(s} between ionic-lock
residue R1317%" (terminal nitrogen atoms) and closest lipid phusphate group {centre-of-mass) was measured
with PLUMED®: {ii) membrane thickness caleulated as average distance from lower to uppcr—h:aﬂr:t phuspl'lurus
atoms, implementing default settings of MEMBPLUGIN® within VMI¥* over total simulation time; (iii) mem-
brane density calculated across bilayer Z-axis using default settings of MEMBPLUGIN®, analyzing mean mass
of fatty acid chains and phosphate groups across whole membrane over total simulation time; (iv) area per lipid
calculated by dividing total membrane area by total number of upper leaflet lipids {membrane area defined by its
maximum X,Y dimensions minus cross-sectional area of protein in the same plane); (v) number of protein-lipid
electrostatic interactions calculated every 4 ns between charged lipid atoms of inner-leaflet and charged protein
TM#6 atoms (counting all charged atom-atom pairs with distance <4.5 A} using a custom-made script executed
within VMD®™; {vi) radial distribution function implemented twice with the Radial Pair Distribution ]:l:.tgiﬂu“H
within VMD®: firstly, g(r) of whole TM6 with respect to lower-leaflet lipid phosphate groups and secondly, g(r)
of positively charged atoms of four lysine sidechains on intracellular side of TM6 (K263, K267, K270%%,
K273, Ballesteros-Weinstein numbering™ as superscript) and negatively charged oxygen atoms of lower-leaflet
lipid phosphate groups. As a further validation of receptor state, the co-crystallized G, o protein (PDB entry:
35M6) was docked to the intracellular side of relevant MD-generated B2AR structures (as well as re-docked into
the original active J2ZAR crystal structure, PDB entry: 35N6, as a control). The Rosetta online server (ROSIE) was
used for protein-protein docking®™ with the following protocol: (i) receptor conformation taken from the end of
its respective 4 ps MD simulation and superimposed over the active crystal structure of 32AR containing its G,o
protein (PDB entry: 35N6)" (ii) the original crystallized receptor removed from the complesx, (iii) the structure of
G,omoved 3 A away from the M D—gcnm‘al:d receptor structure so that there are no steric clashes and ct:arspmx
is apparent between both proteins, (iv) protein-protein docking is initiated. As FCL3 is long and potentially highly
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flexible, it was removed prior to protein-protein docking (during step iii) so as not to create steric conflicts with
G during d{}ck'mg (ROSIE is not able to move backbone of loops duringdw:idng}_ However, all other loops and
receptor structural elements were maintained. All analytical plots were generated using GNUplot™ version 4.449.
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Results

[J2AR is one of the most studied and frequently crystallized Class A GPCRs. However, the structure of intracel-
lular loop 3 (ICL3) that connects TMS5 and TM6 is unknown because it is missing in all 2AR erystal structures.
1CL3 has recently been shown to be potentially important in 32AR activity****. On this basis, we ab initio mod-
elled ICL3 prior to performing MD simulations. As a result, 32AR contains 13 positively charged residues located
at the intracellular ends of TM35, TM6, and ICL3 (51 Fig. 1), which have been suggested as important for G protein
interaction’', 32AR has been crystallized in both active (G, protein-bound, PDE entry: 38N6}' and inactive
{carazolol-bound, PDB entry: 2RH1)" states, Briefly, one of the most remarkable differences between them is
the orientation of TMé. In the active state, an outward movement of ~14 A is observed (SI Fig. 2). As a result, the
ionic-lock (R**" and E**', with Ballesteros- Weinstein numbering™ as superscript, which indicates relative residue
position along each TM helix) reaches a distance of 18.9 A in the active state but only 11.1 A in the inactive (51
Fig. 2} "1 Other features of the active state include a shortening of TM7 (below the conserved NPxxY motif')
where it connects with H8, and an ordered helical second intracellular loop (ICL2), which is disordered in the
inactive state {81 Fig. 2", Mechanistically, the motion of three residues in the core of 32AR has been shown to
be important in the receptor (de}activation process. These residues constitute the triad core: 'Y, P7%" and F##
(Ballesteros-Weinstein numbering™ as superscript], with its packing rearrangement (51 Fig. 2) involved in the
relative motions of TM3, TM5 and TMB, serving as a connector between extracellular and intracellular recep-
tor regions*®, In light of observations of relevant 32AR crystal structures, proposed ICL3 functionality™, and
experimental data that shows (2AR is strongly allosterically modulated by different phospholipids™, we have
investigated the sum of these effects by emploving long-timescale MD simulations of the active state of apo 12AR
(PDB entry: 35N6)" in three different homogenous membranes consisting of lipids: DOPC, DOPE and DOPG,
respectively. In order to quantity the respective modulation of receptor state by each lipid, six metrics were uti-
lised: conformational re-arrangement of the triad core, ionic-lock distance changes, RMSD of total protein, [CL3,
and TM6, as well as radial distribution gir) of TM& with respect to lipids.

Lipid DOPC partially inactivates 32-adrenergic receptor. Ina4ps MD simulation of 2AR ina
humugrnuus membrane of DOPC, ICL3 shows ]'l.'igh flexibility and transiently El.dopls different conformations
during the first microsecond (51 Fig. 3). During this time, the loop does not interact with the membrane but
gradually moves to an inward position, interacting with ICL2 on the intracellular side of the receptor, as well as
intermittently with H8 (I Fig. 3). From 1 ps onwards, (2AR maintains ICL3 in this inward conformation (51
Fig, 3). The conformational changes of ICL3 precede a change in the conformation of TM6, which occurs from 2
jus onwards. In an RMSD profile of TM6 with respect to the inactive-state crystal structure of B2AR (PDB entry:
2RHI), TM6 begins at 7.0 A but decreases to 3.5-3.5 A from 2 ps onwards, finishing at 4.7 A (51 Fig. 4). This
suggests that the receptor is gradually being deactivated (closer in conformation to the inactive state). However,
over 4 s, TMé does not fully reach the conformation of the inactive crystal structure (PDB id: 2RH1) and 1CL2
remains in its helical state (Fig. 2). This is despite the receptor containing certain features of the inactive cr}rsial
structure such as helical extension at the intracellular end of TM7 (Fig.2). Likewise, conformational changt:s are
also observed in the triad core, which maintains an active-like conformation of I*, P**" and F** until 3.5 s
(Fig. 3}, at which point, the RMSD of F** increases to 4.6 A, which resembles an inactive-like conformation.
Supporting the partial inactivation of 32AR into an intermediate state, the fonic-lock distance gradually decreases
to 11.1 A over 4 ps (SI Fig. 5) and the TM domain reaches an RMSD of 3.4 A compared to the inactive crystal
structure (51 Fig. 6). In general terms, this tallies with the experimental results of Dawaliby ef al.", which show
that DOPC neither favours the active or inactive state of 32AR, but in effect here weakly destabilises the active®,
Likewise, these results are supported by the computational results of Dror et al.® whose long-timescale MDD sim-
ulations of 32AR in a POPC membrane also exhibited gradua] inactivation. a\ilhuush POPC is not the same as
DOPC (POPC contains fatty-acid chains of 18 and 16 carbons, rc:cpcr;t'i\rcly), they both contain the same lipid
headgroup and therefore at a chemical level the inter-lipid, water-lipid and protein-lipid interactions would be
expected to be similar, which allows for comparison.

Lipid DOPE fully deactivates 32-adrenergic receptor. Ina4ps MD simulation of J2AR in a homog-
enous DOPE membrane, like in DOPC, ICL3 shows high flexibility and adopts different conformations during
the first 2 ps (51 Fig. 3). During this time, ICL3 does not interact with the membrane but does not reach a stable
conformation either. Interestingly, the RMSD profile of TM6 shows faster conformational changes than in DOPC,
decreasing from 7.0 A to 1.9 A within | ps, when comparing with the inactive crystal structure (ST Fig, 4). This
suggests an almost instant destabilization of the active state and ast receptor deactivation. Indeed, at 1 s, TM6 is
abserved to be in the full inactive conformation (Fig. 4, 5T Fig, 4), which does not occur in the DOPC membrane
and indicates that DOPE induces greater conformational change, particularly on TME6. In accordance with this
inward movement of TMS, the ionic-lock distance also decreases, reaching 7.6 A between R*® and E*'" at 1 ps
(51 Fig. 5). This is less than the distance of the "open” ionic-lock in the inactive crystal structure (DB id: 2RH1)
and is indicative of a "closed” ionic-lock, a common feature of fully inactive GPCR crystal structures'”. Regarding
the triad core, its RMSD profile reveals an initial perturbation of P*™ and F** in the first (1.5 ps and then a rapid
packing rearrangement of these residues towards an inactive-like conformation at 1 ps (Fig. 5). Nevertheless,
during this time, the receptor continues to have some active-like features on its intracellular side, such as helical
ICL2 and shortened TM7. These continue until 2 ps, at which point 1]11:‘:,' also transition into their inactive con-
ﬁgural'mns (Fig, 4, 51 Fig. &). Like in DOPC, ICL3 adupt$ an inward orientation after 2 s, interacting with ICL2
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Figure 2. Partial inactivation of 3,AR in a DOPC membrane. Superposition of the inactive-state crystal
structure of 3,AR (PDB id: 2RH1, blue) and an MD-generated conformation achieved after 4 ps within a DOPC
membrane (green), showing a 90° rotation between (A) and (B) around the membrane plane. At the beginning
of the MD simulation, 3,AR starts in its active crystal state (PDB id: 3SN6). Intracellular loops (ICL) 2 and 3,
and transmembrane (TM) helices 5, 6 and 7 are labelled. Residues of the NPxxY motif on TM7 are displayed.

Figure 3. Partial inactivation of the triad core of [2AR in a DOPC membrane. (A) RMSD profile of the
conformational changes of the triad core: I'* (red), P*** (green) and F** (blue) over a 4us MD simulation in a
DOPC membrane, compared to the active crystal structure (PDB id: 3SN6). (B) Superposition of the triad core
observed at 4 j1s compared to the active crystal structure triad core (orange, PDB id: 3SN6). Relevant residues
are labelled: proline (P), isoleucine (I), phenylalanine (F) on tr sbrane (TM) helices 3, 5, 6.

(Fig. 4, SI Fig. 3). However, its exact conformation is a little different as it is even more inward than in DOPC,
corresponding with what has been previously described as a “very inactive” conformation'” and remains mostly
stable until the end of the simulation (SI Fig. 3). The receptor finally obtains a full complement of inactive-state
features from 2.5 yis onwards, including a stable triad core (Fig. 5), closed ionic-lock (SI Fig. 5), inward TM6 (SI
Fig. 4), disordered ICL2 and extended TM?7 (Fig. 4), each of which is in agreement with the inactive-state crystal
structure (PDB entry: 2RH1)". In addition, each of these features is maintained until the end of the simulation.
This suggests that DOPE membranes can induce and maintain deactivation of 12AR. Furthermore, this result has
been duplicated in a second MD simulation, revealing the reproducibility of this DOPE-mediated deactivation
of 32AR (SI Figs 4-6). Overall, the TM domain transitions from the active state to fully inactive state, including
disordered ICL2 and extended TM7 at the NYxxP motif, with an RMSD of 2.5 A compared to the inactive crystal
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Figure 4. Full deactivation of 3,AR in a DOPE membrane. Superposition of the inactive crystal structure

of 3,AR (PDB id: 2RH]1, light blue) and the conformation of 3, AR (dark blue) achieved after a 4 ps MD
simulation within a DOPE membrane, showing a 907 rotation between (A) and (B) around the membrane
plane (extracellular-side: top, intracellular-side: bottom). Beginning from the active crystal structure (PDB id:
35M6), the receptor reaches an inactive conformation {dark blue), with an almost identical arrangement with
respect to the inactive crystal structure (light blue) of helices TM5, Tha, TM7 (residues of the NPxxY motif are
displayed), and disordered intracellular loop 2 (1CLZ).
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Figure 5. Full deactivation of the triad core of . AR in a DOPE membrane, (A) RMSD profile of the
conformational changes of the triad core: ' {red), P** (green) and F** (blue) over a 4 s MD simulation,
compared to the inactive crystal structure of §,AR (PDB id: 2RH1). In this instance, the MDD} simulation
trajectory, which begins from the active state, is aligned to the inactive crystal structure of 3L,AR (PDB id:
2RHI1). (B) Superposition of the final triad core conformation achieved after 4 ps {dark blue) against the inactive
crystal structure of 3, AR (light blue). Relevant residues are labelled: proline (P), isoleucine (1), phenylalanine
(F} on transmembrane (TM) helices 3, 5, 6.

structure (51 Fig. 6). These observations are in general agreement with the experimental results of Dawaliby
et al ®, who show that DOPE strongly favours the inactive state of 2AR and destabilises the active.

Lipid DOPG stabilizes active-like state of 32-adrenergic receptor. Ina4ps MD simulation of J2AR
in a DOPG membrane, there is an initial rapid change in the conformation of ICL3, whose RMSD increases by
154 compared to its initial modelled state (in the active crystal structure of 32AR) within the first 0.1 ps (51
Fig. 8A4). This is due to ICL3 adopting a mare outward orientation (81 Fig. 8B), which begins to see it interacts
with the DOPG membrane inner layer (Fig. 6, ST Fig. 7). After 0.3 15, positively charged residues on 1CL3 make
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Figure 6. Stabilization of an active-like state of 3, AR by protein-lipid allosteric interactions. (A) An example of
DOPG-ICL3/R250 ionic interaction at 4 ps in an MD simulation of 3, AR (light magenta) within a DOPG (light
blue) membrane. (B) Intracellular view of 3, AR (light magenta) where ionic-lock residue R interacts with a
DOPG lipid, which protrudes between TM6 and TM7. (C) Protein-lipid interactions over time between R**
and lipid phosphate groups in two MD simulations of 3,AR embedded in a DOPG membrane (DOPG #1 and
DOPG #2, resptctwel}f}'

close interactions with the neutral headgroups and negatively charged phosphate groups of DOPG lipids (for
example, Fig. 6A and 81 Fig. 7). These protein-lipid interactions are primarily mediated by R250, and to a lesser
extent R253 and H256 (81 Fig. 7). This set of ICL3-DOPG interactions is observed throughout the entivety of 4
ps, exclusively maintaining ICL3 in an outward orientation {with an RMSD of 15-20 A, SI Fig. 84). In addition
to the influences of ICL3, TM6 appears to be stabilized in its outward conformation by residues located near its
M-terminus, such as H269°#1, K270°* and K273°" (Ballesteros- Weinstein numbering™ as superscript, SI Fig, 7).
which are observed to mmract with phosphate groups of DOPG 1||'n.d5 resumably providing an outward pull
on the helix. Over 4 ps of the simulation, the RMSD of TM6 is 2.0-5.0 }'kp{wmpamd to the active crystal struc-
ture, ST Fig, 9), finishing at 4.3 A, which is similar to its starting conformation, although slightly more outward
(Fig. 7). This may be a consequence of the numerous interactions between TCL3 and TM6 with the membrane,
as well as no bound agonist. However, du.m:f, 1-2 ps, TM6 adopts an almost identical conformation to the active
crystal structure with an RMSD of 2.0-3.4 A (51 Fig. 9), which shows this conformation is also relatively stable.
As a result of TM6 and 1CL3 maintaining outward orientations, the ionic-lock remains open with a distance
of 15-21 A ($1 Fig. 5). This is in agreement with the active-state crystal structure of F2AR'. Interestingly, in a
previous study, the intrusion of a POPG lipid (a chemically close relative of DOPG, containing an identical lipid
headgroup) was observed to occur between TM6 and TM7 of 32AR in its active state'. This POPG lipid was
specifically observed to interact with B> on TM3 (an ionic-lock residue) via a protein-lipid salt-bridge'®, We can
canfirm that in addition to the onic interactions we observe between DOPG lipids and residues on 1CL3/TMa,
we also observe this extra interaction between R** and a DOPG lipid in our MD simulations. Specifically, this
interaction is formed between R** and the headgroup/phosphate group of a single DOPG lipid bound between
TMé6 and TM7 at the intracellular side of 32AR (Fig. 6), and appears to assist in maintaining TM6 in an outward
orientation. Furthermaore, this interaction forms very quickly (within the first few hundred nanoseconds of the
simulation) and remains mostly stable over 4 jis, albeit with some fluctuations (Fig. 6). It is also only observed
here in a DOPG membrane, Regarding the triad core of 32AR in DOPG, residues 'Y, P>, and F** maintain
their same rotameric states as observed in the active crystal structure, exhibiting RMSDs of 1.5, 1.0, and 2.4 A,
respectively {Fig. 8).

As a comsequence of the previously mentioned protein-lipid interactions and subsequent stabilization of the
triad core in an active-like state, the TM domain is observed to rematn in an active-like state over 4 ps, including
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Figure 7. Stabilization of an active-like state of 3,AR in a DOPG membrane. Comparison of the active-state
crystal structure (PDB id: 3SN6) of 3,AR (orange) and a receptor conformation (light magenta) achieved after
4ps of an MD simulation within a DOPG membrane, showing 90° rotation between (A) and (B) around the
membrane plane (extracellular-side: top, intracellular-side: bottom). Residues of the NPxxY motif on TM7 are
displayed. Due to electrostatic interactions between ICL3/TM6 and the membrane, an active-like state of 3,AR
is stabilized.
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Figure 8. Stabilization of the triad core in an active-like state of 3,AR in DOPG. (A) RMSD profile of the
conformational changes of the triad core: I'** (red), P** (green) and F** (blue) over a 4 us MD simulation,
compared to the active crystal structure of 3,AR (PDB id: 3SN6). {B) Superposition of the final MD-generated
triad core conformation (light magenta) compared to the active crystal structure (PDB id: 3SN6, orange)

helical ICL2 and shortened TM7 at the NYxxP motif (Fig, 7). This is supported by the overall RMSD of the recep-
tor remaining at 2.0-3.4 A compared to the initial active crystal structure and finishing at 2.3 A (SI Fig. 10). Taken
together, these results indicate that DOPG lipids are able to stabilize an active-like state of 32AR, even without a
bound G protein or bound agonist. These observations are in general agreement with the experimental results of
Dawaliby et al.*!, who show that DOPG strongly favours the active state of 12AR compared to DOPE and DOPC
lipids. Intriguingly, our results may also offer an explanation of basal activity in 32AR™, especially if the lipid
environment is chemically similar to that of DOPG.

In order to validate that the DOPG-stabilized receptor conformation was indeed active at a functional level,
we re-docked the co-crystallized G,a protein (PDB entry: 3SN6) back into the active crystal structure (as a con-
trol) and into the MD-generated conformation of 32AR obtained after 4 ps in a DOPG membrane. In both cases,
G, is able to adopt an almost identical interaction with the receptor as originally observed in the crystal struc-
ture complex without any steric clashes with intracellular loops 1 or 2 (ST Fig. 11). The re-docking of the active
crystal structure of 32AR with G« generates an [_sc score of —8.0 (ROSIE Interface score from 0 to —10; more

o0

SCIENTIFIC REPORTS| {2018) 8:4456 | DOI:10.1038/541598-018-22735-6

57



Universitat Autonoma Publications Institut de
de Barcelona % Neurociéncies

UNB f"r”INc
.;‘{it

www.nature.com/scientificreports/

=
@
o

]
&
L=
&
:
B

b E
]

Thickness [Angsiroms)

]
@

2B
<
T
E B8

=1
a
S
=
-]

=]
=

AN

L d

" R e ki o}

400300300100 0.0 304 20 300 &0 400300200400 00 100 300 300 400 “05-SA-200-100 A% 100 M0 W 400
Membrane X-axis (Angstroms) Membrane X-axis (Angsiroms) Membrane X-axis (Angstroms)

-
=
8 =
a o
=
B
i
E
]

¥
Thickness {Angsiroms)
Thickness (Angstroms)

]
o
—

#

a

Membrane Y-axis (Angsiroms)

aé:f:;

Membrane Y-axis (Angstroms)

k o» @
o

-E‘El.d& f\\ m:: = .50 c BAPE 81
| noPC 3 el iz
B DR a1 _Jf'_"‘——j-j—‘_ TR DoPC £

046
b | ) A
042 2
H A
[

o |porawn
DoPG e

-4 )
wosp ||
IIII 1|

Ll l.
-01.00 -15.00-1000 -S.006 000 500 1000 1500 2000 u':?,W 250 300 50 4,00 450 500 550 6,03
a0k (ANgSEOms) Radius (Angsiroma)

Figure 9. Membrane physical characteristics and effect on 3,AR conformation. Membrane thickness
measurements from 4ps MD simulations of (AR in (A) DOPG, (B) DOPC and (C) DOPE, respectively. (D)
Average membrane density measurements from same MD simulations. (E) Radial distribution gfr) of TM6 with
respect to lower leaflet lipids from MD sinmulations of 5, AR in three different membranes.

negative is better with —5 a threshold for respectable interaction) while the resulting conformation of 52ZAR in
DOPG with G,o has an [_sc of —7.5. This suggests a similar mode of interaction between G, and J2AR embed-
ded in a DOPG membrane as observed in the original active crystal structure. As an additional comparison,
we also attempted to dock G o into 32AR conformations generated at the end of respective MD simulations in
DOPC and DOPE membranes. In the case of DOPC, a partial interaction between G,ocand G2ZAR was possible
resulting in an [_sc of —5.8, although G, is positioned at a different angle to the active crystal structure and not
fully inserted into the receptor. In the case of DOPE, docking is poor with an [_sc of —4.7 and G,o is unable to
insert into the receptor, making only superficial contacts (51 Fig, 11),

Membrane characteristics and lipid headgroups facilitate allosteric modulation of B2AR.  In
an effort to explain the different effects that DOPC, DOPE and DOPG membranes have on f2ZAR conformational
change, we sought to quantify the physical characteristics of each membrane and their specific effects on protein-lipid
interaction, specifically with regard to the intracellular conformation of TMé (key for GPCR activation™**"*"}.
Time-averaged membrane thickness measurements reveal that DOPG possesses the greatest degree of
intra-membrane varfation, with =3.0 A thickness difference between its periphery and core (i.e. thicker around
the protein). This compares with an internal variation of <2 A for DOPC and <1 A for DOPE (Fig. 9A-C}). This
suggests thal DOPG lipids preferentially cluster around the protein, whilst less so for DOPC lipids and even less
for DOPE whose membrane is nearly uniform. In addition, DOPE constitutes the thickest membrane (some
1.5-2.5 A thicker than DOPC and 0.5-4.0 A thicker than DOPG). Likewise, time-averaged membrane density
measurements show that the DOPE membrane is most dense, particularly at the level of its headgroups (both
upper and lower leaflets, Fig. 9D whilst DOPG and DOPC membranes are less dense. This translates into an
average area per lipid of 61 A® for DOPE, 68 A” for DOPC and 71 A” for DOPG, which are consistent with previ-
ously calculated theoretical and experimental measurements™ ™. As intracellular interactions between phospho-
lipids and the receptor appear to facilitate allosteric modulation in DOPG, we calculated the time-averaged radial
distribution g(r) of TMé with respect to sturrul.lnding ]lpﬂd ]Jh()sp]‘latr groups in the lower leaflet of each mem-
brane, respectively. This analysis shows that TM6 as 2 whole in 2 DOPG membrane has lar greater propensity lor
approaching lipid phosphate groups than in DOPC or DOPE (Fig. 9E). [n addition, this propensity is even lower
in DOPE than in DOPC, suggesting a different TM6 conformational landscape in each. In order to probe further,
we calculated g(r) a second time, now for just positively charged sidechains located at the intracellular end of TM6
(four lysine residues: K263%%, K267%*, K270°%, K273, see 5I Fig. 12). This analysis reveals peaks in g(r} at
4.5-5.0 A in all three membrane types (DOPG > DOPC > DOPE), which likely reflects electrostatic interactions
between positive charges on TM6 and negative charges on lipid phosphate groups. To confirm this hypothesis,
we calculated the mean number of electrostatic interactions between charged protein and lipid atoms (distance
cut-off <4.5 A) in the lower leaflet of each membrane (S1 Fig, 12). Results show that in DOPG, TM6 makes more
protein-lipid electrostatic interactions (2.8 atom-pairs + 1.5 5D]) than in either DOPC (1.1 atom-pairs + LOSD) or

SCIEMTIFICREFPORTS | (2078) 84436 | DON:10.1038/541598-018-22735-6 G

58



Universitat Autonoma Publications Institut de
de Barcelona % Neurociéncies

www.nature.com/scientificreports/

DOPE (0.7 atom-pairs + 0.8 812, Although these differences may not appear marked, over the course of respec-
tive MD simulations their effects are cumulative, Izading ta cansiderable differences in TMé-lipid attraction.
Taken ti)selhtr, the differences in protein-lipid interactions, TM6 conformational ]andﬁr_'apc.u and ph}'sical meT-
brane characteristics, a picture of two sets of forees becomes clear. Firstly, attractive pmlcin-ﬁpid interactions,
particularly with respect to TM6, maintain the protein in an active-like state in a DOPG membrane, with these
same interactions considerably weaker in DOPC and DOPE membranes, respectively. Secondly, different mem-
brane thickness and densities, particularly between DOPC and DOPE, appear to exert different effects on protein
conformation. In the case of a DOPE membrane, its greater density and thickness laterally compresses the pro-
tein into an inactive state at a faster rate than in DOPC. On the other hand, in a thinner and less dense DOPC
membrane, the protein appears to have greater conformational freedom and inactivates slower. At the heart of
these differences lie different lipid headgroups. For example, the positively charged headgroup of DOPE lipids
create unfavourashle interactions with pus.ili\rcly charg:d residues located on TM6, as well as cnah]'mg 'inte'r—lipid
H-bonds between the headgroup of one lipid with the phosphate group of its neighbour (for example, see S1
Fig. 13). These charged inter-lipid interactions contribute to the greater density of a DOPE membrane. On the
other hand, the more hydrophobic headgroup of DOPC lipids facilitates moderate interaction with TM6, and an
absence of inter-lipid H-bonds contributes to lower membrane density.

UNB f"r”INc
.;‘{it

Discussion

Taking profit of recent experimental data, which shows phospholipid-mediated allosteric modulation of 32AR
activity", we decided to study the molecular basis behind these effects by simulating 32AR in three different
homogeneous membranes of DOPC, DOPE and DOPG using atomistic molecular dynamics, In remarkable
agreement with the experimental data®, we have been able to identify how DOPC, DOPE and DOPG differen-
tially modulate 32AR activity. This receptor modulation consists of either: partial inactivation, full deactivation
or stable activation, respectively, and is seemingly governed by the chemistry of protein-interacting lipid head-
groups, as no agonists, antagonists, G proteins or nanobodies are included in any of our MDD simulations.

DOPG, with its neutral headgroup and negatively charged phosphate group, appears to play a critical role
in the stabilization of the active state of 32ZAR by making several electrostatic protein-lipid interactions. Firstly,
ICL3, through its positively charged residues R250, K253, and R259, interacts with the negatively charged DOPG
phosphate groups. Once ICL3 has interacted with the membrane, it is able to maintain a continuous interaction.
Secondly, TM# is able to maintain its outward active conformation through the influences of ICL3, as well as by
its own specific attractive interactions between H265%%, K270%* and K273%% with DOPG phosphate groups.
In addition, the ionic-lock residue R*** on TM3 is able to interact with the phosphate group of a single DOPG
lipid, which is able to protrude between TM6 and TM7 on the intracellular side of the receptor. This appears
to assist in the stabilization of the active-like conformation of TMeé, although is perhaps less significant than
the more direct protein-lipid interactions involving TM6 and ICL3. Consistent with these multiple electrostatic
protein-lipid interactions, the radial distribution gir) of TM6 with respect to lower-leaflet DOPG lipids is much
more pronounced than in other membranes. These results are notable because it has been suggested previously
that the active state of GPCRs, including 32AR. could only be stabilized in MD simulations by bound G proteins
or mimetics’™*', However, our results instead support a pivotal role of lipids in the stable activation of $12AR,
even in the absence of 2 bound agonist or G protein, ensuring the receptor remains in a conformation that is suit-
able for G protein binding. Although speculative, this might be the case for other homologous GPCRs too, On the
contrary, in a DOPC homugen:nus membrane, we ohserve a slowgradual inactivation of 32 AR, which reaches an
intermediate-like state after 4 ps. This is an expected result because it is in general agreement with other published
MD simulations regarding 12AR in phosphatidylcholine (PC) lipid membranes, with POPC being the most com-
monly employed®*'*1%21-2830-3 This supports the notion that the active state of 32AR is inherently unstable and
will gradually inactivate without strongly favourable electrostatic protein-lipid interactions (or bound G protein}.
By analysing the chemical structure and dynamic behaviour observed in DOPC, it is clear why this lipid is unable
to make ionic interactions with 32AR. Although DOPC contains a dipole consisting of PO, and N* groups, it
has three methyl groups bonded to N, meaning its headgroup is bulky, hydrophobic and tilted parallel to the
surface of the membrane as it secks to minimize contact with water'. As a consequence, its headgroup partially
obstructs electrostatic interactions between its phosphate group and positively charged residues on the intracel-
lular side of the receptor. Thus, on average we observe fewer TMe6-lipid electrostatic interactions and lower TM6
radial distribution g{r} in a DOPC membrane compared to DOPG. Finally, the DOPE membrane elicits a similar
effect to that of DOPC as it also promotes destabilization of the 32ZAR active state. However, the kinetics of this
process is notably quicker. In this case, 32AR undergoes full deactivation to its inactive state within 1.0-2.5 ps
(depending on simulation analysed). As DOPE does not contain methyl groups on N, its headgroup is more
hydrophilic than DOPC, therefore not as tilted, and instead orientated towards the water phase* . The exposed
N' of DOPE may also have a repulsive effect on positively charged residues located at the intracellular side of
TMS5, TMé, and ICL3. In particular, this contributes to accelerated deactivation of B2AR IJ:,' restricting TMa-lipid
clectrostatic interactions. In addition, as the DOPE membrane has higher density and thickness compared to
DOPC, receptor conformation is more restricted with lower TMS6 radial distribution gir).

An additional feature of J2AR-lipid interaction involves the distortion or thickening of the membrane in the
vicinity of the receptor. This is particularly noticeable in DOPG, where membrane thickness increases up to 3 A
or more within a radius of ~10.A around the protein. Interestingly, this effect is also noticeable in DOPC, although
to a lesser extent but seems absent in a DOPE membrane. These observations are similar to membrane distortions
observed around rhodapsin, where the active state (Meta [1) creates local bilayer thickening, not apparent with
the inactive state (Meta 1), This can be explained by an increase in the hydrophobic thickness of rhodopsin
observed dur'mg its activation process, which should then be matched hy ]ip'ids that are in close pmximity?s'?ﬁ_
Likewise, a similar effect can be seen with ﬁarﬂ:lplasmic reticulum Ca® ' -ATPase, where conlormational changc
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Figure 10. Conformational sampling of 5,AR in apo state within DOPC, DOPE and DOPG membranes over
respective 4 ps MD simulations. Conformational change (RMSD compared to inactive crystal structure, PDB
id: 2RH1) of TM7 motif NPxxY against distance between ionic-lock residues {R**" and E**). Data is extracted
from 2 to 4 ps of each respective MD simulation.

between E1 and E2 states alters the hydrophobic mismatch between protein and membrane, resulting in local
bulging or pinching of the bilayer™ ™. Being homaologous to thodopsin, it is consistent that the active state of
H2AR creates local thickening of the membrane, such as that observed here in a DOPG membrane, in particular.
Also, as the active state of 32AR is destabilized in a DOPC membrane (or fully deactivated in DOPE), it follows
that local thickening is less apparent (or absent). Extrapolating from these observations, it would also appear
that it is not so much the greater thickness of a DOPE membrane that enhances 32AR deactivation, but rather its
pattern of lipid headgroup charges and associated higher membrane density.

As has been described previously, the active and inactive crystal structures of J2AR contain different packing
arrangements of their triad core'™. In DOPE membranes, we observe the conformational transition of this triad
core from active to inactive, This oceurs due to the inward movement and rotation of TM6 towards the core
of the receptor. This allows F** to move away from P** and relocate onto the other side of T, However, in
DOPC membranes, 12AR does not reach the full inactive state within the simulated time period. As a result, the
triad core fluctuates between inactive and active conformations, with F** able to adopt both inactive-like and
active-like orientations due to an intermediate conformation of TM&, which is neither fully inward nor outward.
In addition, I**" experiences fluctuations in its rotameric state reflecting both inactive-like and active-like con-
formations. Finally, in DOPG membranes, the triad core of 32AR is seen to maintain an active-like state, albeit
with some miner fluctuations in F**, which is mainly a consequence of initial fluctuations in TM#6 {interactions
with the membrane are dynamic). Some of these fluctuations in TM& may also be enhanced by the lack of a bound
agonist, which might otherwise help to further stabilize the active state.

A key factor in our observations of lipid-mediated allosteric modulation of 32AR is the action of 1CL3. This
non-crystallized region is often neglected in computational studies®>15182226-2830-22 by has been shown to be
important by experiments”. In our experience, it is critical that this highly flexible loop is included as it pro-
vides one of the earliest sources of protein conformational change in our MD simulations, making electrostatic
interactions with the DOPG membrane (or indeed not making them in the case of DOPC or DOPE). Although
we have not directly tested it, we do not believe the active state of fZAR would be as readily stabilized in DOPG
membranes without ICL3, as interactions between this loop and the membrane are so prominent. On this basis,
we conclude that ICL3 should ideally be included in all MD simulations of 32AR, as well as that of other GPCRs,
regardless of membrane composition. Despite these observations, other conformational changes besides ICL3 are
also important. In particular, TM8 is highly influential in the conformational selection of 32AR, and provides a
connection between ICL3 and the triad core at the centre of the receptor. In addition, the conformation of TM7,
which although not directly connected to the triad core or 1CL3, is also important, particularly in defining the
state of the intracellular G protein binding-site of 32AR, which displays differences depending on membrane
environment. In particular, the conformation of the NPxxY motif* located on TM7 (in terms of RMSD) can be
used to precisely define receptor state when combined with fonic-lock distance information between TM3 and
TMé (Fig. 10 and 51 Fig. 14). In this schematic, the stabilized active-like state of f2AR in DOPG is clearly distin-
guishable from that of 32AR in DOFC (intermediate) or DOPE (inactive). As a consequence, a G, protein can
be docked into the DOPG-modulated receptor conformation, obtaining an almost identical fit to that observed in
the G, protein-bound crystal structure of f2AR™. Another intriguing aspect of 32AR (and other GPCRs in gen-
eral} is its known ability to activate G proteins, albeit at a low level, even without the presence of agonists™. This
is referred to as basal activity™. It is also known that the inactive state of J72AR resides at a lower energy level than
the active state™. Therefore, in order for the receptor to access and/or remain in the active state, compensating
energetic interactions are needed. Our results suggest that in addition to a bound agonist (which is not explicitly
simulated here) anionic lipids may provide this additional energy through interactions with the protein, allow-
ing 32AR to reach its active state. Indeed, this suggests a role of lipids in the regulation of i2AR basal activity.
Likewise, the role of cationic lipids, especially those with an exposed ammonium group, may be to assist in the
deactivation of B2ZAR, thereby reducing basal activity.

Although beyond the scope of this study, rather than stabilizing or destabilizing the active state of 32AR, it
is interesting to speculate if the reverse process of activating the inactive state of fZAR could also be induced by
lipids during MD simulations. To our knowledge this has not yet been achieved. However, we believe it could be
theoretically possible, although longer simulation times than those performed here may be required. In addition,
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a bound agonist may also be required to accelerate the kinetics of the process. It is certainly an interesting pros-
pect, and if obtainable, could confirm the hypothesis that lipids have a stronger effect on GPCRs than previously
thought. Tt may also be possible to directly demonstrate basal GPCR activity, for which MD simulations have
not yet been able to satisfactorily model. Intriguingly, it has yet to be determined experimentally whether other
GPCRs are sensitive to phospholipids in the same way as 12AR. From our computational results, we observe that
electronegative lipids strongly act on 32ZAR to stabilize its active conformation(s), while lipids with positively
charged headgroups may act to deactivate it. This may hold true for other homologous GPCRs that possess simi-
lar patterns of positively charged residues on TM#6 and ICL3. Another interesting question concerns how hetero-
geneous membranes, which likely reflect mammalian physiology more accurately than homogenous membranes,
might affect GPCR behaviour through different blends of phospholipids containing a variety of headgroups and
fatty acid chains, This is a complex problem requiring further studies but could reveal how specific cellular envi-
ronments might differentially regulate GPCR-mediated signalling at the molecular level,

Associated Content.  Supporting Information.  Comparison of inactive and active 52AR crystal structures;
RMSD plots of ICL3, TM6, and whale protein in DOPG, DOPE, DOPC membranes; plot of ionic-lock distances
in DOPG, DOPE, DOPC membranes; visual of selected protein-lipid interactions in DOPG membrane; visual of
G protein dockings, plots of electrostatic TMé-lipid interactions and radial distribution g(r).
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Abstract

The activation process of G protein-coupled receptors (GPCRs) has been extensively stud-
ied, both experimentally and computationally. In particular, Molecular Dynamics (MD) simu-
lations have proven useful in exploring GPCR confermational space. The typical behaviour
of class A GPCRs, when subjected to unbiased MD simulations from their crystallized inac-
tive state, is to fluctuate between inactive and intermediate(s) conformations, even with
bound agonist. Fully active conformation(s) are rarely stabilized unless a G protein is also
bound. Despite several crystal structures of the adenosine A2a receptor (A2aR) having
been resolved in complex with co-crystallized agonists and G.. protein, its agonist-mediated
activation process is still not completely understood. In order to thoroughly examine the con-
formational landscape of A2aR activation, we performed unbiased microsecond-length MD
simulations in quadruplicate, starting from the inactive conformation either in apo or with
bound agonists: endogenous adenosine or synthetic NECA, embedded in two homoge-
neous phospholipid membranes: 1,2-dicleoyl-sn-glycerol-3-phosphoglycerol (DOPG) or
1,2-dioleayl-sn-glycerol-3-phosphocholine (DOPC). In DOPC with bound adenosine or
NECA, we observe transition to an intermediate receptor conformation consistent with the
known adenosine-bound crystal state. In apo state in DOPG, two different intermediate con-
formations are obtained. One is similar to that observed with bound adenosine in DOPC,
while the other is closer to the active state but not yet fully active. Exclusively, in DOPG with
bound adenosine or NECA, we reproducibly identify receptor conformations with fully active
features, which are able to dock G, protein. These different receptor conformations can be
attributed to the action/absence of agonist and phospholipid-mediated allosteric effects on
the intracellular side of the receptor.
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Author summary

Unbiased microsecond-length MD simulations of the adenosine A2a receptor (A2aR)
were performed in quadruplicate, starting from the inactive conformation either in apo or
with bound agonists: adenosine or NECA, each of them embedded in two different homo-
geneous phospholipid membranes. Different intermediate or active receptor conforma-
tions were found depending on the presence/absence of bound agonist and type of lipid
environment. Exclusively, in DOPG with bound agonist, we reproducibly identify recep-
tor conformations with fully active features, which are able to dock G, protein. These dif-
ferent receptor conformations can be attributed to the action/absence of agonist and
phospholipid-mediated allosteric effects on the intracellular side of the receptor. Dynamic
structural data are key for the understanding of agonist-mediated GPCR activation simu-
lated in realistic membrane environments.

Introduction

G protein-coupled receptors (GPCRs) are heptahelical transmembrane proteins [1, 2]. In the
simplest scheme, they mediate many physiological and pathological processes by transduction
of signals across cellular membranes and exist in a conformational equilibrinm between active
and inactive forms [3, 4]. In the absence of ligands, some GPCRs exhibit basal activity, thought
to be caused by their surrounding environment, which provides enough energy for the recep-
tor to obtain an active state [5-8]. Only in the active state are GPCRs able to bind cytosolic
proteins, such as G protein or f-arrestin, mediating different downstream signalling pathways
from the same receptor [9, 10]. Moreover, GPCR signalling effects can be modified by the
binding of endogenous or exogenous extracellular ligands [11, 12|, Ligand binding triggers
conformational changes in the orthosteric site that are amplified into larger conformational
rearrangements [6]. For these reasons, GPCRs are one of the major targets of current market
drugs [13]. Thus, it is essential to deeply understand ligand-dependent (dejactivation of
GPCRs in order to suitably understand human physiology and expectedly perform more effi-
cient drug discovery.

Advancements in the crystallization process of GPCRs (and membrane proteins in general)
have enabled several studies to gain important insight into features of their activation process
[14, 15]. Most GPCR crystal structures belong to the class A {or rhodopsin-like) family, which
represents the majority {approximately 85%) of the total superfamily [16, 17], and are impor-
tant pharmaceutical drug targets [17]. As a result, class A family members are typically the
most studied and possess a number of highly conserved sequence maotifs [ 18], which presum-
ably play important functional roles in common signalling mechanisms shared by all family
members [16, 19]. In particular, the crystallization of class A GPCR active structures has served
as an important factor in their proposed activation mechanism, such as: rhodopsin [20], B2
adrenergic receptor (B2aR) (21, 22], M2 muscarinic receptor (M2R) [23], adenosine A2a
receptor (A2aR) (24, 25], and p-opioid receptor (pOR) [26]. From this structural data, the
common and simplest activation mechanism for class A GPCRs involves the movement of
transmembrane helix (TM} 3, TM5, TM6 and TM7 with respect to each other [5, 6, 16, 27, 28].
The importance of water for G protein-coupled receptors {GPCRs) has also been supported by
recent crystallographic data [29, 30] and from different studies showing how ordered waters
interact with residues that are important in disease states, binding of drugs, receptor activation,
and signalling [31-34]. However, as it has been pointed out [5, 35], the communication
between the orthosteric ligand binding-site and the cytoplasmic region of the receptor
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responsible for transducer protein binding is loose because they are not rigidly coupled. This
includes an additional difficulty to the molecular understanding of ligand-dependent GPCR
(de)activation, Molecular dynamics (MDD} is a suitable computational technique for studying
GPCR flexibility in a membrane environment. MD simulations at atomic resolution can give
information on specific molecular processes, including interactions of proteins with lipids,
receptor-ligand binding, and receptor conformational change [36]. There have been numerous
studies on how GPCRs activate and transmit their signals from the extracellular side through
to G protein binding on the intracellular side [5, 6, 18, 37-39]. In particular, MD simulations
have been successtul in providing accurate molecular features of GPCR conformational space
[36]. In general, the typical behaviour of class A GPCRs, when they are observed without
bound G protein, is to fluctuate between inactive and intermediate(s) states without inducing
the fully active conformation, even in the presence of an agonist [40-48]. Therefore, one of the
current challenges with GPCRs is to understand the molecular basis for their agonist-mediated
transition into the active state. In a recently published experimental study, two different phos-
pholipids proved to act as negative and positive allosteric modulators of the 2-adrenergic
receptor (B2AR): 1,2-dioleoyl-sn-glycerol-3-phosphoethyl (DOPE) and 1,2-dioleoyl-sn-glyc-
erol-3-phosphoglycerol (DOPG), respectively, while 1,2-dioleoyl-sn-glyceral-3-phosphocho-
line (DOPC) acted as neutral [49]. Consequently, we previously performed a computational
study that supported these results by stabilizing the active conformation of apo f2AR in MD
simulations for several microseconds using a DOPG membrane. This supports the notion that
phospholipids may be involved in the activation process of class A GPCRs [50]. In particular,
anionic DOPG (Fig 1A) appears to play a critical role in the stabilization of the active state of
B2 AR by making several electrostatic protein-lipid interactions [4%, 50]. Meanwhile, DOPC
[Fig 1B} {a close relative of POPC and a net neutral lipid) allows slow destabilization of the

B2 AR active state [49, 50]. These effects have been shown to be mediated by H-bond formation
(or lack thereof) between the protein and phospholipid headgroups [51]. Moreover, data gath-
ered in a f2AR ligand binding study suggests that protein and membrane interplay improves
interaction between protein and ligand and could be important for drug development [49, 52].
Likewise, our recent computational study on homologous cannabinoid receptor 1 (CB1)
found compelling evidence for positive allosteric communication between bound CBI1 agonists
and DOPG membrane phosphaolipids, which appears to enhance the speed of receptor activa-
tion [53]. Still, an interesting question is how much different membranes might affect the acti-
vation process of other class A GPCRs and the functional effect of their agonists.

AZaR is a prototypical GPCR class A member, ubiquitously expressed in the body [54]. On
the one hand, it binds endogenous adenosine, which regulates vasodilation, inflammation [55]
and affects the central nervous system (CNS), inhibiting dopaminergic activity [56]. On the
other hand, the inhibition of A2aR by molecules like caffeine leads to an increase in dopami-
nergic activity, which makes antagonists of A2aR an important target for treating Parkinson’s
[57] and Alzheimer’s diseases |58, 59]. Despite current knowledge, to date, only one selective
A2aR agonist (Regadenoson) has gained FDA approval, as well as an antagonist (Istradefyl-
line), which in combination with levodopa is used for the treatment of Parkinson’s disease in
Japan [58, 59]. A2aR is an ideal system to study GPCR activation processes because it hasa
high propensity for binding lipid allosteric modulators [60], is a well-known drug target for
several agonists and antagonists, and has been the focus of recent NMR studies [42, 61-64].
These studies show that, upon the addition of a full agonist, A2ZaR activation follows outward
movements of TMS5 and TM6 (including rotation in the latter), an inward shift of the intracel-
lular part of TM7, and a vertical translation of TM3 [42, 61-64]. Also, A2aR has received a lot
of attention regarding ligand binding, lipid allosteric modulation and its activation process in
MD simulations [44, 65-78] partly because it is a receptor that has been crystallized in three
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Fig 1. Structural comparison of DOPG and DOPC lipid headgroups. DOPG (A) headgroup is composed of a neutral glycerol group (red box) bound to the
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and DOPG contain identical 15:1 fatty-acid chains (R).
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distinct conformational states: inactive (in the presence of an antagonist or inverse agonist)
[29, 63, 79-91], intermediate (in the presence of an agonist) [92-95], and active (in the pres-
ence of an agonist plus modified or native stimulatory G proteins) [24, 25] (51 Table).

These crystal structures can constitute a reference point for comparison between active,
intermediate, and inactive states of A2aR during MD simulations. Such published MD simula-
tions usually share a commaon protocol. For example, intracellular co-crystallized molecules
such as G, protein and activating nanobody are first removed (e.g, [44, 68, 71, 76]) and then
performed within a homogeneous membrane consisting of 1-palmitoyl-2-oleoyl-sn-glycerol-
3-phosphocholine (POPC) lipids (e.g. [65-76, 78]). This is due to the relative abundance of
this particular phospholipid in healthy mammalian membranes [96, 97]. In this context, previ-
ous MD simulation data has shown that the structural motions of A2aR may depend on its
phospholipid environment [65] as well as on cholesterol, which has been shown to enhance
A2aR activation and signalling [77, 78]. On the other hand, recent MD studies have obtained
results on the important role of ligand binding in A2aR activation [44, 67, 69, 70]. In addition,
AZ2aR has been described as a weakly coupled system, due to the fact that binding of an agonist
does not guarantee that the active state is reached under experimental conditions [11] and
ligand binding may not be an exclusive driving force for achieving full receptor activation [44,
67, 69, 70, 78], Thus, to our knowledge, the full agonist-mediated transition of A2aR from the
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inactive form towards the active state has not yet been described with unbiased MD simula-
tions and it remains unclear how agonists select or induce the active form of A2aR [41].

Thus, previously mentioned data indicates that ligand binding together with lipid mem-
brane allosteric effects are important components of signal transduction that when systemati-
cally studied can lead to a deeper understanding of class A GPCR function, which could
potentially lead to the development of more effective drugs [70]. To this aim, we have chosen
to study the agonist-mediated activation process of A2aR by performing quadruplicated unbi-
ased microsecond-length MD simulations with bound agonists: adenosine or 5-N-ethylcar-
boxamidoadenosine (NECA] in two different homogeneous lipid environments: DOPC or
DOPG (Fig 1). These two phospholipids contain the same 18:1 fatty-acid chains so are ideally
suited for determining the allosteric effect of different lipid head groups on the receptor. Our
results suggest that anionic phospholipids with a neutral head group such as DOPG play an
important positive allosteric role in the activation of A2aR, similarly to f2AR and CB1, and
work in a synergistic fashion with bound agonist. These observations might open new lines of
ligand-lipid cooperativity in GPCR behavioural modulation and signalling at a molecular
level.

Results

NECA is a highly potent synthetic agonist of A2aR [98], while adenosine is a weaker endoge-
nous agonist. Instead of the 5'"-hydroxymethylene group positioned at C4' of the ribose moiety
in adenosine (Fig 24), NECA contains an N-ethylcarboxamido group (51 Fig). Upon docking
adenosine (Fig 2A) or NECA (51 Fig) into the inactive human AZaR crystal structure [29],
both ligands re-form their observed crystal interactions, which include an H-bond with
E169*7 and aromatic n—-r stacking with F168*™, both of which are located in the second
extracellular loop (ECL2) (residues appended with Ballesteros X(Y).ZZ numbering [99] as
superscript, which indicates relative position 27 along TM helix X or loop between helices X
and Y} (Fig 2B and 2C, 51 Fig). In addition, both adenosine and NECA make H-bonds with
N253%%%, §277742 and H278"** located on TM6 and TM7, respectively. This process vields an
inactive receptor structure [29], crystallized at high resolution, with bound adenosine or
NECA in a binding pose consistent with that previously crystallized in the thermostabilized
A2aR intermediate state [93] (Fig 2B and 2C, 51 Fig).

In order to prepare for studying the dynamics of the A2aR activation mechanism at a
molecular level, we initially compared the following crystal structures: agonist-bound, G, pro-
tein-bound active state [25], the inactive state bound to inverse agonist ZM241385 [29], and
the intermediate state bound to adenosine or NECA [93]. In brief, the most remarkable con-
formational differences between them are located in: i) TM3, TM5, TM6, and TM7 helices,
and ii) hydrophobic receptor core (Fig 2) (51 Fig). Both the intermediate and active crystals
share common structural differences with respect to the inactive crystal structure, Firstly, TM3
is rotated and moved upwards (from intracellular to extracellular) in the intermediate and
active crystals. On this basis, a shift of residue 195" correlates with TM3 upward axial move-
ment (52 Fig, 53 Fig) [16]. In conjunction, W246°*" located on TM# also changes orientation.
This residue is known as the “toggle switch” in class A GPCRs because it can differentially
rotate between alternative receptor conformational states [18, 100, 101], including AZaR [44],
in particular, However, in the respective crystal structures of A2aR (52 Fig, 53 Fig), dynamic
rotation of W246%** (sidechain dihedral angle x1: 285°) is not observed but instead shows a
vertical displacement of 1.7 A, Moreover, the distance between TM3 and TM7 is decreased,
most noticeably between intracellular residues R102**" and Y288" ™, which are 5.0 A closer in
the active state, while the distance between TM3 and TMS5 is increased, exemplified by residues
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A)

oH

Fig 2. Docking of adenosine in the inactive crystal structure of adenosine A2a receptor (A2aR). A) Molecular structure of adenosine, Comparison of B) co-
crystallized adenosine (lime) in agonist-bound A2aR crystal structure (PDB entry: 2YDO, light green), and C) docked adenosine (magenta) in the inactive crystal
structure of A2aR (PDB entry: 4EIY, pink). Selected residues participating in ligand binding are displayed. ECL2 and TM helices 1, 5-7 are labelled.

https://doi.org/10.1371/journal. pchi. 10078189002

R102**" and Q2077%, which are 2.7 A further away in the intermediate state (52 Fig, $3 Fig)
(52 Table). The main difference between intermediate and active crystal structures can be
observed in the intracellular distance between TM3 and TM6, and ionic-lock residues R102*°
and E228°%", in particular. Both crystals have TM6 oriented outwards compared with the inac-
tive crystal structure. However, TM3-TM6 distance reaches 18.6 A in the active, but only 9.9 A
in the intermediate crystal structure (S2 Fig, S3 Fig) (S2 Table).

In agreement with NMR studies [42, 61-64] and previous MD simulation data [44, 65-78],
comparison of A2aR crystal structures points to TM3, TM5, TM6 and TM7 as key receptor-
activating helices. Therefore, we base our quantitative MD analysis of A2aR activation/modu-
lation on the following metrics: TM3-TM5, TM3-TM6, TM3-TM7 distances; W246°* 31
dihedral angle change; TM3 and ECL2 vertical (Z-axial) movement; root mean square devia-
tion (RMSD) of transmembrane domain (TMD), ECL2, TM6 and L95**, In addition, experi-
mentally verified protein-agonist H-bonds involving residues N253%°, E169***, H2787+,
$2777%%, as well as nt-1t stacking with F168"*%, are monitored. In addition, in order to charac-
terize the role of internal water networks in receptor activation, water-mediated interactions
in the receptor core between residues pairs are also quantified.

Apo A2aR embedded in DOPC membrane remains in inactive state

Over four independent MD simulations of 2.0 ps each of apo A2aR embedded ina DOPC
membrane, ECL2 displays noticeable variable behaviour. In replicas #2 and #3, a conforma-
tional change occurs (at 400 ns and 1000 ns, respectively) where ECL2 moves downwards by
2-4 A to form a lid over the orthosteric pocket (Fig 3A-3F). Over the course of this process,
ECL2 reaches a maximum of 8.6 A and 10.9 A RMSD, respectively (54 Fig). However, in rep-
lica #3, the loop moves back towards its original position, away from the orthosteric pocket.
This shows alternative conformations of ECL2 are possible but not necessarily physically sta-
ble. Nevertheless, in replica #2, the loop remains in a downwards position partially covering
the top of the orthosteric pocket (Fig 2A), albeit with conformational fluctuations (54 Fig).
This conformational change of ECL2 is possible in the apo state due to the lack of bound

PLOS Computational Biology | https://doi.org/10.137 1/journal. pcbi. 1007818  April 16, 2020

6/39

70



Universitat Autdbnoma Publications Institut de
de Barcelona % Neurociéncies

UNB Sad' INC

PLOS COMPUTATIONAL BIOLOGY Adenosine A, receptor activation by agonist and lipid interactions

A)

- 22 - 2k —— apo + dopc #1
z o] < o apo + dopc #2
~ e apo + dopc #3
I £ 1] e
16 b o T 4 ]
m vy o\ A T A ™ 134 active crystal
guad{l )l M /.'/ AL VNIV (& g = — inactive crystal
2 104 g AV
L . . . C

0.0 0.5 1.0 1.5 2.0 2.0
F) Time (ps) G ) Time (us)
<30 <s
o g
T 2g 7]
e =}
o ) PR 3
g 26 M W 8
Q
: | :
2 241 s
® ]
<22 . : . <9 ; . 2
N 0.0 0.5 1.0 15 20 N 0.0 0.5 1.0 1.5 2.0

Time (ps) Time (ps)

Fig 3. Stabilization of the inactive conformation of apo A2aR in DOPC membrane. A) Superposition of the inactive-state crystal structure of A2aR (PDB entry: 4EIY,
pink) with docked adenosine and an MD-generated apo conformation achieved within a DOPC membrane (magenta, belonging to replica #2 from 1.7 ps) showing B)
and C) selected residues delineating the orthosteric pocket. ECL2 and TM helices are labelled where applicable. D) Fluctuation of the distance between TM3-TM7 (from
Ca atoms of R102** and Y2887, respectively) during MD simulations, starting from the inactive crystal structure (PDB entry: 4E1Y). E) Fluctuation of the distance
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between TM3-TME (from Coe atoms of R102* and E228"", respectively). F) and G) Vertical movement of ECL2 and TM3, respectively. MD simulations are
performed in quadruplicate. Corresponding flat-lines are included to show the observed distance in the active {PDB entry: 6GIG) and inactive (PDB entry: 4EIY) AZaR

crystal structures.

https:fdoi.orgg10.137 1journal pebs. 100781 8.9003

agonist and because the receptor remains inactive, thus generally maintaining the TM3-TM7
starting distance of 16,1 A (Fig 3D). This allows the latter section of ECL2 to adopt a lower
position between the extracellular ends of TM3 and TM7. However, in the other two replicas,
ECL2 broadly maintains its original crystal structure position (average RMSD across replicas
#1 and #4 of 2.4 A (0.7 SD) (54 Fig), which demonstrates ECL2 variability as previously dis-
cussed in class A GPCRs, especially in the apo state [102]. Despite the differences in observed
ECL2 dynamics across replicas, little conformational change is observed in the receptor as a
whole with an average RMSD of 2.2 A(0558D) (55 Fig} or in key helices such as TM3 (average
Z-axis displacement of 0.2 A (0.6 8D), Fig 3G} and TM6 (average RMSD of 2.0 A (0.75D), 56
Fig). Likewise, important residues such as L95" " on TM3 and W246"" on TM6 show no sus-
tained conformational change across all four replicas (57 Fig, 58 Fig). Likewise, the average dis-
tance between TM3 and TM6 (measured between ionic lock residues R102**" and E228%™) is
7.8 A (1.3 SD across all four replicas, which is similar to the inactive crystal structure distance
of 8.2 A (Fig 3E). In addition, the average distance between TM3 and TM5 is 14.9 A{155D),
which is indicative of a stabilized inactive receptor state across all four replicas (59 Fig). Inter-
estingly, TM7 appears to be one of the more flexible regions of the apo receptor as the distance
between TM3 and TM7 (measured between R102**" and Y288""%) is seen to vary more than
ather measured distances (Fig 3D, average distance of 15.8 A (1.5 SD). For example, in replica
#4, TM7 is seen to move outwards, increasing TM3-TM7 distance relative to the inactive crys-
tal state, while in replica #3, TM7 temporarily moves inwards towards TM3 before reverting to
its original state. Despite some of these observed differences, TM7 regularly revisits its inactive
crystal conformation across all four replicas, suggesting this state is at least meta-stable and in
line with the receptor remaining inactive (Fig 30).

Adenosine-bound A2aR in DOPC membrane reaches intermediate
conformation

During quadruplicate MD simulations of inactive A2aR with bound adenosine embedded ina
DOPC membrane, the ligand displays variable behaviour (Fig 4B). In replicas #3 and #4, aden-
osine achieves a stable binding mode in the orthosteric pocket between helices TM3, TM6 and
TM7 (Fig 4}, which is consistent with its crystallized pose in the A2aR intermediate crystal
structure [93]. As a result, ligand RMSD does not exceed 4.5 A over the course of either replica,
finishing at 1.7 A in replica #3 and 3.8 A in replica #4 (Fig 4D). However, in replicas #1 and #2,
adenosine changes its binding pose frequently without finding stability, in some cases moving
up to a maximum of 8.9 A. This is because adenosine is relatively small and is able to occupy
an alternative space in the orthosteric pocket in between helices TM1, TM2 and TM7 (510
Fig). However, this alternative binding pose is not stable as reflected by the high conforma-
tional fluctuation observed in these respective replicas (Fig 4F). As a result, in the replicas
where adenosine achieves a stable binding pose (#3 and £4), residue E169*** located on ECL2
makes a protein-ligand H-bond with an average occupancy of 5.4% (6.3 $I)), while F168*%
makes a protein-ligand ring-stacking interaction with adenosine 12,3% (7.7 SD) of the time
(511 Fig). However, in replicas #1 and #2 where adenosine is less stable, the frequency of these
interactions decreases to 2.9% (1.4 5D) and 8.4% (6.7 5D}, respectively. Despite this difference
across replicas, ECL2-ligand interactions assist in the maintenance of ECL2 near its original
crystal conformation (average RMSD of 2.8 A (0.8 SD), especially relative to apo A2aR in
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Fig 4. Transition towards an intermediate conformation of adenosine-bound A2aR in DOPC membrane. A) Superposition of the intermediate state crystal
structure of A2aR (PDB entry: 2YDO, light green) and an MD-generated conformation achieved within a DOPC membrane (blue, belonging to replica #3 from 1.5 ps)

bound to adenosine, showing B} and C) protein-agonist interactions in the orthosteric pocket with adenosine atoms displayed as sph ECL2 and TM helices are
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labelled where applicable. [ RMSD of bound adenosine (ADN) (calculated with respect to initial docking pose). E) Conformational fluctuation {RMSF) of adenosine,
F) Distance between TM3-TM?7 (from Ca atoms of R102** and Y288, respectively) during MD simulations starting from the inactive crystal structure {PDB entry:
AEIY). ) Distance between TM3-TME (from Co atoms of R102** and E2285%, respectively). MD simulations are performed in quadruplicate. Corresponding flat-
lings show the ohserved distance in the active (PDB entry: 6GD0G) and inactive (PDB entry: 4ETY) AZaR crystal structures,
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DOPC (54 Fig). This may also play a role in encouraging TM3 to move upwards into a more
active conformation (ECL2 and TM3 are connected by a disulphide bridge) in replicas #3 and
#4, where TM3 moves upwards (according to Z-axis) by an average of 0.8 A (0.2 SD (57 Fig).

Regarding key protein-agonist interactions, N253%%7 located on TM6 and $2777* and
H278"* located on TM7 make H-bonds with adenosine with average occupancies of 92.1%
(7.0 5D}, 49.5% (25.2 5D) and 62.9% (16.1 5D (511 Fig), respectively, in replicas #3 and #4
where the ligand is more stable {conversely only 37.1%, 11.4% and 17.3%., respectively, for rep-
licas #1 and #2). These interactions can be correlated with conformational changes in helices
TM#6 and TM7. For example, the distance between TM3 and TM7 decreases as TM7 moves
inwards in all four simulations before 0.5 ps (Fig 4F). Although this conformational change is
maintained until the end in only two replicas (#1 and #3, Fig 4F). On TM&, the rotameric state
of W245%4 changes from g+ to trans in three out of four replicas after 0.25 ps (58 Fig). This
precedes the gradual separation of the intracellular end of TMé away from TM3 by a maxi-
mum of 5.1 A, which starts at a distance of 8.2 A and increases up to 13.4 A within 0.7 ps across
these same three replicas (Fig 4G). However, as this conformational change of TM6 occurs
mainly at its intracellular end, RMSD of TMé shows only moderate change, reaching 4.0 A in
replica #4 (56 Fig). Finally, conformational change is also observed in TM5 (3 out of 4 replicas)
as it adopts a more outward orientation, up to 7.0 A further away from TM3 (59 Fig). mirror-
ing changes in TM6. However, these changes in TMS5 appear to be relatively unstable and fluc-
tuate over time (59 Fig) with an average distance from TM3 of 17.0 A (1.9 $D) across all four
replicas,

Taking these observed conformational changes together, the receptor achieves a full com-
plement of intermediate-like crystal structure [93] features in three out of four replicas (#1, #3
and #4), This suggests partial receptor activation from the inactive state into a consistent inter-
mediate conformation is readily achievable on microsecond timescales with bound agonist
and membrane consisting of neutral phospholipids, although generation of a fully active recep-
tor state is not. This is in general agreement with previous studies [44, 67, 69, 70]. Collectively,
observed intermediate receptor features include a partial upwards translation of TM3 (i.e. not
at the active crystal level), outward movement of TM5 and TME (only partial in case of TM&),
and inward movement of TM7, resulting in closer interaction with TM3 (Fig 4). However,
these conformational changes are only maintained consistently over 2.0 ps in replica #3, while
in replicas #1 and #4 such intermediate-like features are more transient and coincide only
briefly (specifically at 1.9 ps and 1.2 ps, respectively). This is likely due to the stable ligand
binding-mode achieved in replica #3, including high H-bond occupancy with 52777** com-
pared to the other replicas (511 Fig), The importance of this H-bond has been highlighted pre-
viously [102]. On the other hand, replica #2 fails to obtain an intermediate-like conformation
of TM7, although some minor conformational changes are noted in TM3, TM5 and TM6, sim-
ilar to other replicas. This lack of effect is likely due to a particularly unstable ligand binding-
mode where the more frequent protein-ligand interactions occur with residues located on
ECL2 (F168">2) and TM6 {N253%%), rather than TM7, which results in low H-bond occu-
pancy with $2777*% in particular (511 Fig).

As an extra control, additional MD simulations were performed in duplicate in a POPC
membrane with or without bound adenosine (summarized in 512 Fig). Like in DOPC,
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adenosine displays a similar level of positional instability when bound to the receptor in POPC
(512 Fig). Nevertheless, in both replicas the receptor is observed to reach an intermediate con-
formation similar to that observed in DOPC with bound adenosine (512 Fig). This can be con-
trasted with the apo state in POPC where the receptor is observed to remain in an inactive
conformation in both replicas and ECL2 is observed to move towards the empty orthosteric
pocket by up to 2.0 A (512 Fig) in a similar manner to that observed with the apo state in
DOPC. This suggests that DOPC and POPC membranes have similar effect {or lack of it) on
AZaR with or without bound agonist, as might be expected.

Apo A2aR fluctuates between inactive and intermediate states in DOPG
membrane

Over quadruplicate MD simulations with apo A2aR in a DOPG membrane, ECL2 is broadly
maintained in its initial crystal conformation (average final RMSD of 2.8 A (098D), Fig 5) in
similar fashion to the adenosine-bound receptor in DOPC (54 Fig). This is different to that of
apo A2aR in DOPC where ECL2 is observed to change conformation by approaching the open
orthosteric pocket (Fig 3). This suggests that the extracellular side of the receptor behaves dif-
ferently in an anionic membrane environment, which is related to conformational changes in
the TM domain that contribute to conformational restriction of ECL2. In particular, this
involves inward movement of TM7 (see below) that narrows the orthosteric pocket, which has
previously been described in agonist-bound AZaR crystal structures [27]. In more detail,
within 500 ns, similar to the behaviour of A2aR with bound adenosine, there is an initial
change of conformation in TM3, TMS5, TM6é, and TM7. In particular, in two of four replicas
(#1 and #2), TM3 shows noticeable upward movement by an average of 2.1 Afo3sp) (Fig
5(), which is most sustained in replica #1. Likewise, in three of four replicas (#1, #2, #4), TM5
(59 Fig) and TM6 move outward, while TM7 shifts inwards (Fig 510 and 5} as their respective
distances from TM3 change (mean (SD): 11.2 A (1.1) and 12.1 A (0.9), respectively). These
respective outward and inward helical movements are synchronized, occurring at 250 ns in
replicas #1 and #4, and after 1.4 ps in replica #2. However, it is noticeable that TM7 movement
occurs shortly after those in TM6 take place first (Fig 51 and 5E). Therefore, without bound
ligand acting on TM7, TM6 conformational changes need to be triggered first by protein-lipid
intracellular interactions, such as those provided by anionic DOPG phospholipids. As has
been previously shown with homologous f2-adrenergic and CBI1 receptors, protein-DOPG H-
bonds and electrostatic interactions are able to exert an outward pull on TM6 [50, 53]. These
initial intracellular conformational changes in TM6 leave a space next to TM3, which TM7 can
occupy by spontaneously moving inwards, creating intracellular and extracellular conforma-
tional changes that affect other receptor regions such as the G protein binding-site or ECL2.

In similar fashion to B2-adrenergic and CB1 [50, 53], DOPG is able to make specific pro-
tein-lipid interactions with A2aR through its negatively charged phosphate or polar head
groups with positively charged or polar residues on the intracellular side of the receptor {Fig
6). As a result, time-averaged membrane thickness profiles across DOPG-containing MD sim-
ulations reveal that DOPG phospholipids cluster more strongly around A2aR than DOPC (Fig
6A-6C). In particular, four high occupancy DOPG interaction sites at specific intracellular
receptor regions can be identified (Fig 61 and 6C). These correspond to areas between TM1
and H8, between TM3-TM4 and intracellular loop 2 {ICL2), and on the respective intracellular
surfaces of TM5 and TM6 (Iig 6[3-605), In these sites, specific protein-lipid H-bonds and elec-
trostatic interactions can be identified, including DOPG interaction with: i) a pair of trypto-
phan residues at the intracellular side of TM1 (W29 and W32'°%), ii) neighbouring
arginines on TM4 and 1CL2 (R111°%%, R120™*"), iii) a pair of arginines on TM5 (R1997%,
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TM3-TM?7 (from Ces atoms of R102™ and Y288, respectively) during MD simulations, starting from the inactive crystal structure (PDB entry: 4EIY), E) Distance
hetween TM3-TME (from Cox atoms of R102** and E228", respectively). F) and G) Vertical movement of ECL2 and TM3, respectively. MD simulations are performed
in guadruplicate. Corresponding flat-lines show the observed distance in the active (PDB entry: 6GDG) and inactive (PDB entry: 4E1Y) AZaR crystal structures.

https:#doi.org10.137 1 journal pobi. 100781 8.0005

R206%7), iv) a lysine-histidine couple on TM6 (H230%*%, K233%*%), Each of these protein-lipid
interactions is observed across all replicas in a DOPG membrane and marked by particularly
stable lipid binding modes, For example, in several trajectories, a single DOPG molecule
closely interacts with residue H230%** continuously for 2 ps or, in others, one lipid is
exchanged for another after 500-1000 ns and the interaction is re-established {513 Fig).

By way of comparison, only two high occupancy protein-lipid interaction sites are observed
in DOPC membranes: between TM1-TM2 and TM4 and, to a lesser extent, between TM3 and
TM4 on the other side of the receptor (Fig 6A). It is particularly noticeable that DOPC phos-
pholipids are not seen to cluster around TM5 or TM6 like with DOPG (Fig 6B and 6C). Inter-
estingly, the TM1-TM2-TM4 external cavity is recognized as containing the cholesterol
consensus motif or CCM, which in active A2aR appears to favourably bind membrane choles-
terol and could account for its experimentally observed enhancement of receptor signalling
[59, 77]. Interestingly, in our MD simulations, this cavity instead sequesters DOPC phospho-
lipids, which might provide an opposite effect to cholesterol, potentially suggesting competi-
tion between these two molecules. In terms of comparison between DOPG and cholesterol,
the binding of phospholipids to the intracellular surfaces of TM5 and TM6 may potentially
share similarities with a reported second binding-site of cholesterol in a hydrophobic external
crevice between TM3S and TM6 [104]. As cholesterol is an uncharged molecule, its precise
mode of interaction is likely different to the electrostatic nature of anionic DOPG, meaning
these two molecular species might theoretically be able to co-bind the receptor in this area.
However, the exact function of cholesterol binding in this location in terms of receplor activa-
tion is difficult to verify as it was observed within MD simulations of the antagonist-bound
inactive receptor {which remains inactive) and because crystal structures of active A2aR lack
co-crystallized cholesterol [104].

Of the three replicas in a DOPG membrane where TM6 conformational change is observed
(#1, #2, #4), concomitant rotameric changes in the sidechain of W246%* are seen as it moves
from g+ to trans (58 Fig). This feature is similar to that observed with bound adenosine in a
DOPC membrane and suggests that W24651% acts as an activation switch (or at least facilitator
to an intermediate receptor state] even if no agonist is bound. Also noteworthy, different

degrees of TM6 conformational change appear to correlate with the duration w246 main-

tains a continuous trans conformation. For example, in replicas #2 and #4, where w2464
adopts a trans conformation for ~250 ns and ~800 ns, respectively, the distance between ionic
lock residues located on TM3 and TMa (R102™" and E228°*") increases up to a maximum of
124 Aand 119 A, respectively, as TM6& moves outwards (Fig 5E). This level of conformational
change in TMS6 is comparable to that which occurs in a DOPC membrane when adenosine is
bound and suggests formation of a similar intermediate receptor state (514 Fig). However, in
replica #1, W246°"* maintains a trans conformation for 1.5 ps after an initial rapid switch and
TMs# is seen to undergo a more considerable conformational change, establishing a distance
from TM3 of up to 15.8 A (Fig 5E). Although only transient in nature, this degree of TM6 con-
formational change is close to that observed in the active G protein-bound A2aR crystal struc-
ture [25]. This suggests formation of an intermediate receptor conformation that is
“enhanced” and different from the others (Fig 5A). Indeed, this is further supported by TM6
RMSD, which increases up to 6.0 A (56 Fig) while RMSD of the TM domain temporarily
reaches 2.2 A compared to the active crystal state before regressing (55 Fig). Together these
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Fig 6. Membrane thickness and allosteric protein-lipid interactions during MD simulations of A2aR. Average membrane thickness measurements across 2 ps
MD simulations of AZaR in A} DOPC with bound adenosine (replica #1), B) DOPG in apo {replica #2), and C) DOPG with bound adenosine {replica #1). I-G)
Specific intracellular protein-lipid interactions of adenosine-bound AZaR in & DOPG membrane during 2.0 ps MDY sinvulation (replica #1), ¥ Allosteric
interaction between polar residues on TM1 (W29'°° and W32"*) in A2aR (green) with a DOPG lipid (gold). Electrostatic and H-bond interactions between
charged/polar residues on: E} TM4 and ICL2 {R111752, R120Y), F) TMa (0226, H230%*, K233°*) and G) TMS5 (R199°™, R206™%7) with DOPG lipids
(gald).

hittps:fdoi. org 10,937 1 journal pebi. 1007818 9006

data suggest the receptor reaches a transient conformation close to the active state before
returning to a less-active, more conventional intermediate state. On the other hand, replica #3
shows that AZaR in a DOPG membrane can remain in an inactive-like state throughout. This
demonstrates that the physical effect of a DOPG membrane on apo AZaR is variable over a
two-microsecond time-period.

Finally, in addition to allosteric protein-lipid interactions formed at the receptor surface,
the outward orientation of TM6 in a DOPG membrane can be further assisted by formation of
a specific protein-lipid salt-bridge at the intracellular side of the receptor interior, which has
previously been observed to occur in homologous f2-adrenergic and CB1 receptors [50, 53,
105). This particular allosteric interaction is possible because of the internalization of a single
DOPG lipid from the lower leaflet into the G protein binding-site between TM6é and TM7 (Fig
7A). Specifically, it is stabilized by an electrostatic interaction between DOPG phosphate
group and R1 02> sidechain on TM3 {Fig 7A), which normally forms part of the TM3-TM6
ionic-lock in the inactive receptor state. This protein-lipid interaction is found to occur on a
consistent basis in all four replicas in DOPG and is stable in three, persisting for more than
1.5 ps in each case (Fig 7C). Furthermore, it appears to be especially suited to DOPG lipids as
it is not observed in any of the simulations performed in DOPC. This is likely due to the bulky
hydrophobic head-group of phosphatidylcholine (PC) lipids, which are seemingly unable to
penetrale the TM6-TM7 gap to the same extent as the smaller hydrophilic head-group of phos-
phatidylglycerol (PG) lipids [105]. However, despite the prominence and eye-catching nature
of this allosteric interaction, it does not by itself guarantee receptor activation or transition to
an intermediate receptor conformation as demonstrated by lack of receptor activation in rep-
lica #3 (Fig 5). In this particular replica, allosteric interaction between a DOPG lipid and
lysine-histidine couple on the exterior of TM6 (H230%%, K233%%) is less stable compared to
other replicas. Therefore, lipid interaction with TM6 appears more important than penetration
of a lipid into the G protein binding-site between TM6 and TM7.

Adenosine-bound A2aR in DOPG membrane reaches active conformation

In MD simulations of adenosine-bound A2aR in DOPG, unlike in DOPC, the agonist displays
higher positional stability across all four replicas and remains in a binding pose that is consis-
tent with the adenosine-bound crystal [93], as well as the NECA-bound active crystal state [25]
(Fig &B). This is confirmed by an average ligand RMSD of 1.4 A(0.65D) {Fig 81?) and average
ligand conformational fluctuation (RMSF) of 1.1 A (0.65D) {Fig 8E) across all four replicas.
As a result, bound adenosine sustains key protein-ligand interactions for longer compared to
corresponding simulations in a DOPC membrane, For example, regarding ECL2, aromatic
stacking between F168"*" and the bicyclic ligand core is observed for 55.2% (11,9 SD) of the
time on average, while H-bonding with E16%"*°* shows an average occupancy of 29.2% (9.5
5D) (515 Fig). These interactions appear to consistently shift ECL2 upwards by an average of
1.2 A (0.4 SD) (54 Fig) with an average loop RMSD of 3.1 A (1.1 D) across all replicas, This
conformational change is not observed as consistently with bound adenosine in a DOPC
membrane (54 Fig), which suggests protein-DOPG allosteric interactions also have an effect in
agonist-bound receptor states, Furthermore, in a DOPG membrane, the ribose hydroxyl
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Fig 7. Protein-lipid allosteric interaction with the ionic-lock in MD simulations of A2aR in a DOPG membrane, A) Intracellular view of A2aR where ionic-lock
residue R102** electrostatically interacts with a DOPG lipid, which intrudes between TM6 and TM7 into the G protein binding-site in apo state (orange) (belonging to
replica #4 from 1.8 ps), and B) with bound ad ine (green) (belonging to replica #2 from 1.6 ps). Protein-lipid interaction distance over time between R102*%
sidechain and lipid phosphate group in four replicas of A2aR in DOPG membrane in C) apo state and D) adenosine-bound (ADN), respectively.

https://doi.org/10.1371/journal pebi, 1007818.0007

groups of adenosine make stronger H-bonds with $2777** and H278”** on TM7 with average

occupancies of 59.3% (13.8 SD) and 41.8% (19.4 SD), respectively (515 Fig). At the same time,
N253% forms a stable protein-ligand H-bond with average occupancy of 95.0% (5.4 SD)
across all replicas in DOPG (515 Fig). In light of these effects on ligand stability and extracellu-
lar conformational changes, adenosine-bound A2aR displays the same four protein-DOPG

PLOS Computational Biology | https://doi.org/10.137 1/journal. pcbi. 1007818  April 16, 2020 16/39

80



UrnB

Universitat Autbnoma
de Barcelona

Publications

PLOS COMPUTATIONAL BIOLOGY

‘INc

Institut de
Neurociéncies

r“m
,-;{:41

Adenosine A, receptor activation by agonist and lipid interactions

10 (3} —— adn + dopg #1
adn + dopg #2
- —_ adn + dopg #3
'5 s ) adn + dopg #4
© o 47
£ 5 ‘
° s | active crystal
= = —— inactive crystal
o 41 | w J
g g AL | fn
LI l_‘
x 2 ke ' v.,,» \
0
0. > 2.0
F) Time (ps) G) Time (us)
-2 ~ 21 T
o B f
220 o 197 i
E 18- = ] \/
o S 15 A1
16 b 13
] =
= 14 sl F o
815, gt
c 12 c 94
o ©
i 10 B 74
© 8 . . ' S s , . .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (us) Time (us)

Fig 8. Transition towards an active-like state of A2aR in MD simulations with bound adenosine in a DOPG membrane. A) Comparison of the MD-generated
conformation of A2aR bound to adenosine (ADN) within a DOPG membrane (green, belonging to replica #2 from 0.7 ps) with the active crystal structure of A2aR with
bound NECA (brown, PDB entry: 6GDG), showing B) and C) protein-agonist interactions in the orthosteric pocket with adenosine and NECA atoms displayed as
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spheres. ECL2 and TM helices labelled where applicable. D) RMSD of bound adenosine (calculated with respect to initial docking pose). E} Conformational fluctuation
(RMSE) of adenosine. F) Distance between TM3-TM7 (from Cox atoms of RI02*7 and Y2887, lcsg-cctivd\lrl during MD simulations starting from the inactive crystal
structure (PDB entry: 4EIY). G) Distance between TM3-TM#6 (from Cio atoms of R102*% and B2z respectively). MDD simulations are performed in quadruplicate.
Corresponding flat-lines show the observed distance in the active (PDB entry: 6GDG) and inactive (PDB entry: 4EIY) AZaR crystal structures,

hittps:dfdoLorg/10.137 1journal pobi. 1007 818.g008

allosteric interaction hot-spots as seen with the apo state in DOPG: TM1-HS, TM3-4-1CL2,
TM5, and TM6 (Fig 65 and 6C). Closer inspection reveals the same specific intracellular pro-
tein-lipid interactions as observed in the apo state (Fig 60-6G) but with increased stability of
interaction between the lysine-histidine couple on the intracellular surface of TM6 (H230%%,
K233%%) and a DOPG molecule (513 Fig). This is suggestive of an allosteric pathway acting
through TM6 for two-way communication between bound agonist in the orthosteric pocket
and bound intracellular lipids.

As a consequence of protein-lipid electrostatic interactions at the intracellular side of the
receptor (Fig 60-6G) and stable adenosine binding, profound receptor conformational
changes are observed in TM helices. Firstly, in replicas #1 and #3, TM3 moves upwards by a
maximum of 1.9 and 1.6 A, respectively, and by an average of (.8 A (0.4 5D across all replicas
(57 Fig). This vertical shift matches that observed in the fully active crystal structure of A2aR
and results in an average L95>* RMSD from the inactive state of 3.1 A (0.8 S (57 Fig), as
TM3 undergoes axial rotation. Likewise, across all replicas, respective TM3-TM5 (59 Fig) and
TM3-TM?7 (Fig 8F) distances rapidly reach and even surpass those seen in the fully active crys-
tal structure (mean (SD) distances: 22.1 A (2.6) and 12.5 A (1.5), respectively). This suggests
the receptor is activating across all replicas with inward movement of TM7, upwards move-
ment of TM3 and outward movement of TMS5 all occurring within 100 ns.

Meanwhile, the sidechain of W246™* rapidly moves from g+ to trans within 200 ns in
three out of four replicas (58 Fig), which assists more consistent conformational change in
TM&6 (Fig 86), However, only in replicas #2 and #4, does TM6 continue o move outwards
enough to establish a TM3-TM#6 distance that matches the active crystal state (maximum val-
uesof 18.6 A and 204 A, respectively) within the final 400 ns of each replica (Fig 8G). This
degree of conformational change corresponds to a maximum TM6 RMSD of 7.8 AandB4 A,
and a minimum of 2.3 A compared to TM6 in the active crystal (56 Fig). This degree of move-
ment can be directly correlated with particularly stable DOPG binding to the intracellular sur-
face of TM# via positively charged residues: H230%* and K233%7% (513 Fig). Likewise,
following a similar trend to TMS6, receptor RMSD exceeds 4.9 Ain replicas #2 and #4, and
reaches a minimum of 2.2 and 2.3 A& compared to the active crystal (55 Fig), respectively.
These conformational changes allow water molecules to penetrate the core of the receptor,
forming a continuous channel from the bottom of the orthosteric pocket to the intracellular
space, unlike in the apo state in DOPC where the core is mostly desolvated (Iig 9A and 98). In
addition, the adenosine-bound state shows less water density in its orthosteric pocket com-
pared to the apo state, which is fully hydrated. This is because the agonist displaces several
water molecules as well as creating a narrower binding pocket, which tends to eliminate even
more waters, as has been previously proposed in GPCR activation [27]. Interestingly, the
observed movement of W246™* disrupts its water-mediated interaction with D52 seen in
the apo state in DOPC (Fig 9C and 9D). Indeed, recent NMR studies have suggested that
W246°* is involved in the same receptor micro-switch as D527 [63]. This could mean that
in order for TM6 to move outwards and for TM3 to move upwards, the water network that
connects W246™** and D527 needs to be broken. As such, when W246%** toggles into its
trans position, it makes a new water-mediated H-bond with bound adenosine via a pair of
water molecules (Fig 9D). This exact interaction is not observed in the adenosine-bound
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Fig 9. Comparison of water-mediated polar networks in the core of A2aR during MD simulations. Average water density of A) apo A2aR in DOPC membrane,
and B) A2aR bound to adenosine within a DOPG membrane (green) over respective replica #1 trajectories. Respective water molecule distribution snapshots at C)
1.5 ps and D) 1.3 ps. Water-mediated hydrogen bonds are represented as dotted lines.

https:/idoi.org/10.1371/ournal pebi. 1007818.0009

intermediate A2aR crystal structure even though the same pair of water molecules are co-crys-
tallized (516 Fig). Nevertheless, our MD simulations suggest it may play a role in the transition
to a fully active receptor state. In addition, a direct interaction is formed between D52**" and
$91** in the core of the receptor, which can be observed in the adenosine-bound crystal struc-
ture (S16 Fig). These residues are connected to N2807**, N2847*’ and Y288”* on the NPxxY
motif of TM7, as well as Y197°°* on TM5, via numerous water-mediated interactions (Fig
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517). Perhaps most notably, waters also play a role in the reorientation of Y197""* and Y288”*
side-chains towards each other, which form a stabilizing residue-residue interaction in G pro-
tein-bound active crystal structures [24, 25, 106]. Interestingly, some of these waters have also

been co-crystallized in the high-resolution inactive and medium-resolution adenosine-bound

A2aR crystal structures [29, 93] (516 Fig), supporling their involvement in A2aR activation as

observed in our MD simulations and in other GPCRs [33].

It should be noted however that, although A2aR obtains a full set of active-like conforma-
tional features in replicas #2 and #4 (Fig 8), no one single receplor conformation is consistently
stabilized. This is likely due to the absence of a bound G protein, which if present would pre-
sumably stabilize the precise receptor conformation observed in the G protein-bound A2aR
crystal [25]. Instead, in our system, the activated free receptor appears to explore a wider land-
scape of active-like metastable conformations, especially in replica #4 where TM5 and TM6&
obtain orientations more outward than the active crystal structure (517 Fig). Indeed, recent
INMR data has identified two different and distinct active conformational states of AZaR [61].
This appears to fit with our data as we are able to identify at least two distinct active-like recep-
tor conformations, which have appreciable difference in TMS5, TM6 and TM7 (518 Fig). Con-
formational fluctuation observed in active-like states of A2aR may also be a consequence of
allosteric intrusion of a single DOPG lipid between TM6 and TM7 into the G protein binding-
site of the receptor (Fig 7). This protein-lipid allosteric interaction was previously observed
with the apo state in DOPG and reoccurs here in replicas #1, #3 and #4, although not in replica
#2, Interestingly, this seems to exert a destabilizing effect on the active-like receptor conforma-
tion obtained in replica #4, which sees TM6 moves further outwards in the process. On the
contrary, in replica #2, with no internalized lipid molecule, receptor conformational change
appears more gradual and stable, Therefore, this particular protein-lipid interaction may lead
to alternative active-like receptor conformations or may simply be detrimental to sustained
receptor activation in general. On the contrary, in replica #1 and 3, TM6 does not reach the
fully active conformation and instead the receptor remains in an intermediate-like state, which
is mostly consistent with the adenosine-bound A2aR crystal structure [93]. This demonstrates
that even in conducive conditions, with bound adenosine and anionic phospholipid mem-
brane, full receptor activation is not guaranteed within a time period of two microseconds.

NECA is a more potent agonist than adenosine

In order to contrast the endogenous agonist (adenosine) with the effects of a potent synthetic
agonist, quadruplicated MD simulations were performed from the inactive state with bound
NECA in DOPC and DOPG membranes. These MD simulations reveal several similarities but
key differences between the biological effect of the two agonists. Firstly, bound NECA is com-
paratively more stable in the orthosteric pocket in both membrane types than adenosine (519
Fig, 520 Fig). However, NECA stability is enhanced by a DOPG membrane (520 Fig), like that
observed with adenosine. In particular, in a DOPG membrane relative to DOPC, NECA
makes a closer and more stable H-bond with residue 52077"* on TM7 (mean (5D} H-bond
occupancies of 67.8% (18.8) and 55.2% (16.3), respectively; 521 Fig, 522 Fig). Likewise, when
comparing both agonists in a DOPC membrane, NECA makes a stronger and more stable H-
bond with $2077** than adenosine (mean (SD) occupancies of 55.2% (16.3) and 30.4% (23.6).
respectively; 511 Fig, 521 Fig). This difference may explain the extra potency of NECA, which
in DOPC results in the receptor reaching an intermediate conformation in 4/4 replicas, and in
DOPG results in the receptor obtaining an active-like conformation in 3/4 replicas and at least
partial activation in the fourth (520 Fig, 521 Fig). This shows, like with bound adenosine, that
a DOPG membrane enhances the effectiveness of NECA through positive allosteric
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modulation of bound phospholipids on the intracellular side of the receptor, which interact in
the same way as observed previously e.g, with residue R102*™ (523 Fig). The cumulative
effects of bound phospholipids and agonist are observed to have profound consequences on
the overall population of receptor conformations, which can be defined according to key inter-
helical TM3-TM6 and TM3-TM7 distances (Fig 10, 524 Fig, 525 Fig). Furthermore, MD simu-
lations with the more potent NECA agonist clearly reveal that agonist-mediated receptor acti-
vation results in approximately equal formation of two distinct active-like receptor
conformations, as previously proposed by NMR experiments [411]. One of these conformations
has a comparatively wider separation between TM3, TM6, and TM7 helices and resembles the
G protein-bound active crystal structure, while the other has relatively closer TM helices but is
still active-like (Fig 10).

Protein-protein docking reproduces the G protein-bound A2aR crystal
interaction

In order to validate that A2aR bound to adenosine or NECA in a DOPG membrane is indeed
able to reach an active receptor conformation at a functional level, we docked the co-crystal-
lized G,o protein[25] into MD-generated active-like conformations of AZaR obtained during
each replica (as well as re-docking back into the active A2aR crystal structure as a control). In
the two replicas with bound adenosine or three replicas with bound NECA where AZaR
reaches the fully active conformation, G,u is able to dock into the intracellular G protein bind-
ing-site without any steric clashes with TM helices or ICL1 and 2 (Fig 11). Mainly, adequate
docking is achieved due to proper separation of TM5/TM6 from TM3. The re-docking of the
active crystal structure of A2aR with Guo generates an interface docking score of -7.9 (no
units, 1_sc range from 0.0 to -10.0; more negative is better with -5.0 representing a threshold
for respectable interaction [107]) (Fig 114, 53 Table), while an MD-generated conformation
with bound adenosine in DOPG from replica #2 with G, gives a score of -7.7 and an RMSD
for G,o.of 0.8 A (Fig 1 1B, 53 Table). Likewise, with bound NECA in DOPG, replica #3 with
G, also gives a score of -7.7 and an RMSD for Gooof 1.1 A (53 Table). This supports a proper
mode of interaction between G, and A2aR bound to adenosine or NECA in a DOPG mem-
brane. On the contrary, MD-generated receptor conformations in an intermediate or inactive
state (in DOPG without bound agonist or in DOPC with or without bound agonist) only
obtain I_sc docking scores from -3.3 to -6.1 and G,o RMSD of 4.9-8.3 A (52 Table).

Discussion

The relatively recent availability of high-resolution crystal and cryo-EM structures of GPCRs
in different states has facilitated understanding of factors governing their process of activation.
These structures have been informative in elucidating the molecular basis for A2aR activation
and ligand binding in particular, and have also opened up avenues for studying the role of
receptor dynamics and receptor conformation ensembles [42, 61-64]. Interestingly, A2aR has
also been crystallized with different interacting lipids [29, 80, 81, 88, 92, 94], which highlights
the importance of phospholipids in the process of stabilizing different receptor conformations
[69, 77]. Here we have performed unbiased high-throughput MD simulations of A2aR, starting
from the inactive crystal structure [29] with or without bound agonists: adenosine or NECA,
in PC or PG homogeneous lipid environments to give a deeper understanding of the receptor
activation process and cooperative forces between agonist and phospholipids.

From our results, when A2aR is embedded in different phospholipid membranes, anionic
PG lipids preferentially cluster around four intracellular areas of the protein: TM1-H8,
TM3-TM4-1CL2, TMS5, and TM6. On the other hand, neutral PC lipids cluster around just
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https:tdai orgf10.137 Vjournal pebs 1007818.9010

two intracellular areas: a cavity formed by TM1-TM2-TM4 and to a lesser extent TM3-TM4.
The primary interaction site for PC is consistent with a previously described intracellular inter-
action site for cholesterol, which is also a neutral and mostly hydrophobic molecule. Through
its binding, cholesterol has been reported to stabilize the active receptor conformation [69,

77]. This poses the possibility of PC lipids and cholesterol competing at the same location and
exerting different influences over receptor activity. Likewise, cholesterol has been suggested to
also bind between TMS5 and TM6, which could conceivably potentiate allosteric effects of PG
lipids in this area. Although an intriguing question, cholesterol binding is beyond the scope of
this study, which as a relatively weak and slow process (compared to phospholipids) would
necessitate much longer MDD simulations and preclude execution of quadruplicates [108]. In

terms of protein-phospholipid interactions on the extracellular side of the receptor, we also
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Fig 11. The MD-generated receptor conformation of A2aR bound to ad ine in DOPG b is able to bind co-crystallized G,-alpha

protein in the same way as the active-state crystal structure (PDB id: 6GDG). A) The crystal structure of the active state of A2aR (brown) bound to its
co-crystallized G.-alpha protein (pink, PDB id: 6GDG) and its re-docked G,-alpha subunit superimposed (gold). B) MD-generated active-like

conformation of A2aR bound to adenosine in a DOPG b (green, belonging to replica #2 from 1.6 ps) docks G,-alpha protein (gold) in similar
fashion to the active crystal (pink). C) Intermediate conformation of A2aR, bound to adenosine in DOPC brane (blue, belonging to replica #4 from
1.3 ps) fails to properly dock G,-alpha protein (gold) compared to its active crystal position (pink). D) Intermediate conformation of apo A2aR in DOPG

membrane (red, belonging to replica #1 from 1.6 ps) partially docks G,-alpha protein (gold) compared to its active crystal position (pink).
https://doi.org/10.1371journal.pchi, 1007818.g011

observe some binding of phospholipids in the hydrophobic interface between TM1 and TM7
as has been previously proposed in some GPCRs [109]. However, in our MD simulations these
are not as physically stable as interactions at the intracellular side (hence, relative lack of clus-
tering intensity in Fig 6) and are seemingly not specific to either PC or PG lipids. One potential
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functional outcome of having several high occupancy intracellular allosteric sites for anionic
PG lipids means that they may regulate multiple local conformational dynamics of the recep-
tor, In particular, three of four PG-interaction hot spots correlate with positions of TM3, TM5
and TM6, which are key helices in the activation process of class A GPCRs, including A2aR
[16, 27]. These specific protein-lipid interactions are mainly mediated by electrostatic contacts
between positively charged sidechains and negatively charged lipid phosphate groups and tend
to favour the outward movement of the cytoplasmic halves of TM5 and TMS, thus aiding
intracellular conformational change. As such, there is a correlation between sustained binding
of PG lipids to intracellular regions of TM6 and enhanced TMé6 conformational change, result-
ing in more efficient G protein docking, rearrangement of the internal water-mediated polar
network, tryptophan sidechain toggling, more stable protein-agonist H-bonding, and
increased stabilization of ECL2. This creates a multidirectional allosteric network where differ-
ent entities affect the action of others. ECL2 is thought to play an important role in receptor
signalling, controlling access to the orthosteric pocket and recognition of agonists [ 110].
Indeed, disruption of the conserved disulphide bridge between ECL2 and TM3 largely dimin-
ishes receptor function [ 110, 111]. In DOPG, ECL2 tends to be stabilized in a higher position
above the orthosteric pocket than in PC membranes (526 Fig), which appears to assist TM3
conformational change and vice versa, as well as enhancing the stability of bound agonist. This
indirect relationship between membrane phospholipids and ECL2 may provide a structural
explanation for how GPCRs exhibit different ligand efficacies in different cell lines [110, 112].
On the contrary, PC lipids, which have a more bulky and hydrophobic head group than
DOPG, are less suited for lorming electrostatic or H-bond protein-lipid interactions with the
receptor [50]. Thus, this absence of sustained protein-lipid interaction triggers fewer intracel-
lular conformational changes in the receptor, preferentially favouring an inactive conforma-
tion, which, in turn, destabilizes agonist binding and promotes ECL2 flexibility.

As a result, the apo state of A2aR in PC membranes remains inactive, which prevents ade-
quate G protein docking. This is expected and in agreement with previously published MD
simulations [65, 72]. In contrast, two distinct intermediate receptor conformations can be
identified in the apo state in a DOPG membrane, which depend partly on the stability of key
allosteric protein-lipid interactions. One of these conformations is consistent with the interme-
diate state observed with bound agonist in PC membranes, as well as the agonist-bound A2aR
crystal structure [93], whilst the other is "enhanced” with a more outwards TM6 conformation
that is closer to an active-like state, albeit not physically stable. This is a striking result, because
AZaR has been reported to signal across cellular membranes in the absence of agonists [42,
113], which our MD simulations suggest may be dependent on phospholipid content. More-
aver, these two different intermediate receptor conformations are notable because NMR
experiments have identified two distinct intermediates of AZaR, which were resolved in apo
and agonist-stabilized states, respectively [41]. Taken together, this demonstrates that like
other homologous GPCRs (50, 53], A2aR can be positively modulated by PG lipids even with-
oul bound agonist. On the other hand, neutral PC lipids induce little or no conformational
change over a microsecond time-window and instead depend on agonist binding for reaching
an intermediate receptor state. Indeed, it may be the case that a millisecond time period is
required, or concomitant G protein binding, for the receptor to reach a fully active state in this
tvpe of membrane. These findings also raise the classical debate on induction vs selection in
receptor activation [114]. Our results are compatible with both views because if an agonist is
able to induce similar receptor conformational changes as the receptor is able to achieve by
itself (in an appropriate membrane environment) then it would also be able to stabilize (select)
an active receptor conformation if the orthosteric pocket is not obstructed [114-116].
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Interestingly, the possibility that AZaR activation includes both induced fit and conformational
selection mechanisms has been proposed by others on the basis of NMR experiments [61].

In agreement with previously published data [70], adenosine displays high mobility in the
pocket of AZaR when embedded in a neutral PC membrane, while NECA shows noticeably
greater stability. This translates inlo more consistent receplor activation by NECA, which is a
more polent agonist. However, when adenosine is reasonably stable, the receptor transitions
towards an intermediate conformation with TM3 moving partially upwards due to steric influ-
ences on this helix, as well as protein-ligand interactions with ECL2, which connects with
TM3 via a disulphide bridge [110, 111]. This is interesting because such TM3 transitions occur
less consistently in the apo state in DOPG despite favourable intracellular protein-lipid alloste-
ric interactions. This suggests that agonist binding drives conformational change that favours
a particular pathway of receptor activation, which leads to a more consistent intermediate con-
formation. Conversely, the pattern of receptor activation mediated by DOPG lipids directs the
apo receptor to more diverse conformational changes, which potentially involve various inter-
mediate conformations or different activation pathways, as has been recently proposed by MD
simulations in a cholesterol-rich membrane (78], Indeed, here in the apo state, the predomi-
nant activation pathway proceeds through TM6 first, while with bound agonist, a faster path-
way proceeds through TM3 and TM7, and later TM#6. Likewise, the existence of different
receptor intermediate conformations suggest natural variation in the A2aR activation process,
which could perhaps offer opportunities in drug design if a pathway through one intermediate
conformation was deemed therapeutically more advantageous than another [106].

Agonist-bound A2aR in DOPG is able to activate via a two-step activalion mechanism,
starting from inactive to intermediate and then to an active-like state. Receptor activation
begins with conformational changes in the orthosteric pocket and the triggering of micro-
switches in the receptor core followed by the inward shift of TM7, upwards axial tilt of TM3
and outward movement of TM5. This is combined with a partial outward displacement and
rotation of TM6, which brings together the intracellular ends of TM5 and TM6, which gradu-
ally adjust their inter-helical contacts, consistent with the intermediate agonist-bound crystal
structure [93]. As a result, this modifies water-mediated hydrogen-bond networks in the core
of the receptor, ultimately leading to the formation of a continuous water column extending
from the orthosteric pocket to the intracellular side of the receptor and connecting residues
Y2887 and Y197°°%, which have previously been shown to be an activation-associated
micro-switch [93, 106]. Secondly, TM6 moves even further out, achieving the fully outward
conformation of the G protein-bound active crystal structure [24, 25]. This extra conforma-
tional change in TM6 appears to be facilitated by the membrane and not agonist, at least
according to our observations in a microsecond timescale. As a consequence, G,u protein can
be docked into agonist-bound DOPG-modulated receptor conformations, obtaining similar
fits to that observed in the G, protein-bound crystal structure [25]. In all aspects, these MD-
generated active-like receptor states are remarkably consistent with the crystallized NECA-
bound active state [24, 25]. Furthermore, these results are reproducible across different MD
simulations with different agonists, revealing consistent cooperativity between agonist and
DOPG lipids in the A2aR activation process, [t also supports the notion that anionic phospho-
lipids are crucial for activation of class A GPCRs in general [19, 50, 53]. Intriguingly, it is possi-
ble to differentiate between two distinet active-like receptor conformations, which are
dependent on slightly different TM6 and TM7 orientations. These observations are supported
by recent NMR studies where A2aR appeared able to have more than one active state, although
their precise conformational details were not revealed [61]. Most notably across our MD simu-
lations, protein-DOPG interactions assist receptor activation through enhanced stabilization
of bound agonist in the orthosteric pocket. This effect is strongest for the endogenous agonist
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adenosine, which is able to form more stable protein-ligand H-bonds as a result but it is also
apparent with NECA, thus providing an explanation of how ligand efficacy might be depen-
dent on lipid environment [65, 77]. Achieving a stable binding pose of agonist appears a pre-
condition for obtaining the fully active receptor state and is a likely consequence of more
stable protein-ligand interactions with TM6, TM7, as well as ECL2. These observations are
similar to experimental data reported in B2ZAR, where DOPG lipids improve the binding of
agonists and activation of the receptor [49]. In this context, it is logical that DOPG lipids stabi-
lize the binding of agonists in A2aR.

The cooperative effects between ligands and lipids are the underlying principle of the pres-
ent study. The cooperativity described in this work corresponds to allosteric interactions in the
broad sense, i.e. specific protein-lipid interactions aftecting the binding stability of the agonist
and binding of the agonist focusing the functional effect of protein-lipid interactions, inducing
specific conformational changes in the receptor. Most notably, DOPG lipids accelerate the
activation process of an agonist-bound receptor, which in a microsecond timeframe enables
full receptor activation to occur more consistently but does not always guarantee it. Interest-
ingly, when comparing A2aR activation with that of CB1 [53], it is striking that activation of
the former only proceeds with PG lipids while activation of the latter proceeds in both PG and
PC lipid environments, albeit faster and more reliably with PG. This may be because these two
receptors show different levels of activity. In particular, CB1 is known to have high constitutive
activity and may be easier to activate relative to other GPCRs [8]. For example, as previously
noted in the core of CB1, the semi-conserved residue L*** may confer higher TM6 flexibility,
which may allow for easier receptor conformational change [53]. The equivalent residue in
A2aR is F242°*, which as a bulkier amino acid may enhance hydrophobic interactions in the
receptor core that help to stabilize the inactive state. This could be one reason why activation
of AZaR is observed more scarcely in the microsecond timescale relative to CB1 and why pro-
tein-lipid interactions appear to be so important for AZaR [77]. Presumably, if our MD simula-
tions were extended into the millisecond time range, then we might observe full A2aR
activation in PC membranes. However, this is currently an untestable hypothesis. Irrespective
of this, we consider our findings to be sufficiently compelling and potentially enable a better
understanding of receptor activation, agonist efficacy, and protein-lipid positive allosteric
modulation in A2aR, especially as its observed dynamics broadly mirror those of other class A
GPCRs, such as muscarinic M2, CB1 and opsin [43, 53, 117],

Methods
A2aR modelling

The high-resolution crystal structure of the antagonist-bound inactive state of human adeno-
sine A2a receptor (A2aR) (PDB entry: 4ETY) [29] was selected and co-crystallized ligands,
waters and ions were removed. By using CHIMERA software [118], crystallographic missing
atoms were added (on residues (3148, E161, R220, R293) and non-native residues were
removed or converted to native (at N-terminus: G-1 and AD deleted, P1 substituted for M) in
order to obtain a wt receptor sequence, In addition, the non-native fusion protein located
between L208 (on TM3) and E219 (on TM6) was excised and the crystallographic missing
intracellular loop 3 (ICL3) was modelled (residues 209 to 218) by basing it upon the equivalent
region of thermostabilized A2aR crystal structure (PDB entry: 3PWH) [79] using MODELLER
vo. 14 [1149].

In order to validate M) generated conformations, the intermediate adenosine-bound
(PDB entry: 2YDOY), intermediate NECA-bound (PDB entry: 2YDV) [93] and NECA-bound
fully active (FDB entry: 6GDG) [25] AZaR crystal structures were utilized. Non-native residues
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were converted to wt in both structures and crystallographic missing ICL3 and extracellular
loop 2 (ECL2) were completed in each respective structure using relevant A2aR crystal struc-
tures: PDB entries 3PWH [79] or 5G53 [24] as templates with MODELLER software [119].

The structures of adenosine and NECA were retrieved {rom their respective crystal struc-
tures of thermostabilized adenosine/NECA-bound A2aR (PDB entry: 2YDO/2YDV) [93]. As
these thermostabilized receptor stales are in a similar conformation to our utilized inactive
state (PDB entry: 4ELY) [29], docking of adenosine and NECA was performed by firstly super-
imposing receptor structures (PDB entries: 2YDO or 2YDV onto 4EIY) with CHIMERA [118]
and then, secondly, by transferring the coordinates of the agonist from one to the other whilst
avoiding steric conflicts where possible. Finally, in order to optimize protein-ligand contacts,
the resulting complexes were energy-minimized in the AMBER-14SB force-field [120] with
CHIMERA [118].

Molecular dynamics (MD) simulations

Eight all-atom MDD systems were constructed using CHARMM-GUI [121], consisting of A2aR
in an inactive state (as described above) with or without bound adenosine or NECA embedded
in DOPG, DOPC or POPC homogeneous lipid bilayers (80 A x 80 A), respectively. The posi-
tion of the receptor in the membrane(s) is as reported by the OPM database for AZaR PDB
entry: 4EIY [29]. Each receptor-membrane system was solvated with TIP3P water molecules
above and below the membrane, and an overall concentration of 0.3 M K'Cl with ratio of pos-
itive/negative ions adjusted accordingly (automatically during CHARMM-GUI system setup)
in order to maintain net zero charge in each system. On the protein, eight residues were pro-
tonated according to previously published MD simulation protocols specific for A2aR [44, 72,
74,78, 122], as well as being consistent with protocols used for other homologous class A
GPCRs [47, 53,95, 117, 123]: E13%*, D52** (both receptor core), D1017%°, E21277, E219%!,
E228%" H230%*, F294%* (all intracellular) {with Ballesteros numbering [99] as superscript,
which indicates relative residue position along each TM helix). Membrane, water and protein
parameters were generated according to the CHARMM 36 force-field [124] and adenosine
parameters were generated according to CGenFF v1.0.0 [125]. MD simulations were per-
formed with ACEMD software [126] on specialized GPU-computer hardware. Briefly, each
receptor-membrane system was equilibrated for 28 ns at 300 K (Langevin thermostat) and 1
atmosphere (Berendsen barostat) using a 4 fs time-step and electrostatics cut-off of 9.0 A. Dur-
ing the initial 8 ns of equilibration, protein (and ligand) heavy atoms were harmonically
restrained and progressively released over 2 ns steps, During the final 20 ns of equilibration,
no restraints were applied. For each receptor-membrane system, a production run of 2 ps was
performed without restraints under the same conditions, with second, third and fourth repli-
cate simulations executed in each case to verify observations (in case of POPC systems, only a
second replicate was executed). This constitutes a total production simulation time of 56 ps
across the eight systems.

MD simulation analysis

Structural comparison was carried out for receptor conformations sampled from MD simula-
tions against A2aR crystal structures: fully active (PDB entry: 6GDG) [25], intermediate (PDB
entries: 2YDO and 2YDV) (93], or inactive state (PDB entry: 4EIY) [29]. In each MD simula-
tion trajectory, in order to assess membrane effects on receptor conformation, root mean
squate deviation (RMSD) of Cat atoms of TM domain (TM helices 1-7), as well as TM6 and
ECL2 by themselves, were calculated with VMD software [127] v1.9.2. To further validate
receptor state, multiple internal measurements were made including: 1 dihedral angle of
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W246°**, vertical movement of TM3 and ECL2 according to distance offset in the Z axis (per-
pendicular to the membrane) from centre of mass of each to centre of mass of TM domain,
distance between Cox atoms of residue pairs: R102*°" and E228%%", R102*°" and Q207°%*, and
R102*7" and Y288, representing proximity between helices: TM3-TM86, TM3-TM5 and
TM3-TM?7, respectively. The following lipid measurements were calculated: i) protein-lipid
distance between residues R102**" (sidechain terminal nitrogen atoms) or H230%* (sidechain
centre-of-mass) and closest lipid phosphate group {centre-of-mass) using PLUMED v2.4
[128]; (ii) membrane thickness as average distance from lower to upper-leaflet phosphorus
atoms as per default settings of MEMBPLUGIN [129] within VMD [127]. For the ligand: (i}
protein-ligand n-m stacking was calculated as function of distance between centre of mass of
aromatic ring of F**** and adenine ring of adenosine or NECA (applied criteria for interac-
tion: 3.5 A); ii) “Hydrogen Bonds” function within VMDD was used to analyse protein-ligand
H-bond occupancies (applied eriteria of donor-acceptor distance: 3.5 A and 60° angle); (iii)
ligand conformational change in terms of RMSD with respect to initial position; and (iv)
ligand positional stability expressed in terms of root mean square fluctuation (RMSF) were
made within VMDD, Internal water molecule density was measured by the function “Volmap”
within VMD using default options. Criteria for water-mediated interactions in the receptor
were defined by two residues forming hydrogen bonds with the same water molecule or a pair
of hydrogen bonded water molecules. All analytical plots were generated using Matplotlib ver-
sion 3.0.0 [130].

Protein-Protein docking

As validation of receptor state, co-crystallized Go protein (PDB entry: 6GDG) [25] was
docked to the intracellular side of selected MD-generated A2aR conformations (as well as re-
docked into the original fully active A2aR crystal structure as a control). The Rosetta online
server (ROSIE) was used for protein-protein docking [107] with the following protocol: (i)
receptor conformation taken from simulation of its respective MD simulation and superim-
posed over the active crystal structure of A2aR containing its G.o protein (PDB entry: 6GDG)
[25], (ii} the original crystallized receptor removed from the complex, (iii) the structure of G.o
moved 3.0 A away from the MD-generated receptor conformation so that there are no steric
clashes and clear space is apparent between both proteins, {iv) protein-protein docking is initi-
ated. As ICL3 is long and potentially highly flexible, it was removed prior to protein-protein
docking (during step iii) so as not to create unavoidable steric conflicts with G,a during dock-
ing (ROSIE is not able to move backbone of loops). However, all other loops and receptor
structural elements were maintained.

Supporting information

§1 File. Details of the simulations. This zip file contains a README document with data and
software description as well as topology, scripts and input files within the corresponding gen-
erated folders.

(ZIP)

51 Fig. Docking of NECA in the inactive crystal structure of adenosine A2a receptor
(A2aR). A) Molecular structure of NECA. Comparison of B) co-crystallized NECA (lime) in
agonist-bound AZaR crystal structure (PDB entry: 2YDV, light green), and C) docked NECA
(magenta) in the inactive crystal structure of AZaR (PDB entry: 4ELY, pink). Selected residues
participating in ligand binding are displayed. Extracellular loop (ECL) 2 and transmembrane
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(TM) helices 5-7 are labelled.
(TIF)

82 Fig. Structural comparison between A2aR intermediate and inactive crystal structures.
A] structural superposition of the intermediate adenosine-bound crystal structure (PDB entry:
2YDO, light green) on the inactive-state crystal structure (PDB entry: 4EIY, pink). B) Compar-
ative positioning of residue L3 located on TM3 and rotameric state of W on TM#6. C)
Intracellular distance between residues R** and Y= on TM3 and TM?7 (indicated by dashed
lines) before/after receptor conformational change. D)) Distance between residues R**"and
Q™ (indicated by dashed lines). E) Partial separation of ionic-lock residues R and E**" on
TM3 and TM6 (indicated by dashed lines). Relevant structural features are labelled: extracellu-
lar loops (ECL) 1, 2 and 3, and transmembrane (TM) helices 1-3, 5-7.

(TIF)

83 Fig. Structural comparison between A2aR active and inactive crystal structures. A)
structural superposition of the active-state crystal structure (PDB entry: 6GDG, brown) on the
inactive-state crystal structure (PDB entry: 4EIY, pink). B) Proposed scheme of activation for
AZaR, including rotation and upwards axial movement of TM3, outwards movement of TM5,
rotation plus outward movement of TM6, and inwards movement of TM7. C) Comparative
positioning of residue L3 Jacated on TM3 and rotameric state of W™ on TMé6. D) Intracel-
lular conformational change of TM3 with increased separation (indicated by dashed lines)
between residues R™" and Q™ after receptor activation, E) Intracellular comparison of dis-
tance between residues R**" and Y™-** after receptor activation (indicated by dashed lines). F)
Intracellular conformational change of TM6 and separation (indicated by dashed lines) of
ionic-lock residues R**" and E*™ after receptor activation. Relevant structural features are
labelled: intracellular loop (ICL) 2, extracellular loops (ECL) 1, 2 and 3, and transmembrane
(TM) helices 1-3, 5-7.

(TIF)

S4 Fig. Comparison of conformational change of extracellular loop 2 (ECL2) in MD simu-
lations of AZaR. A) RMSD of ECL2 from the starting inactive A2aR crystal structure (PDB
entry: 4EIY). B) Vertical movement of ECL2 along Z-axis (containing residues: G142-A173).
MD simulations are performed in quadruplicate, with or without bound adenosine (ADN) in
DOPC or DOPG homogeneous membranes,

(TIF)

55 Fig. Conformational change of helix bundle of A2aR in MD simulations. A} RMSI of
helices 1-7 from the inactive crystal structure (PDB entry: 4EIY) and B) with respect to the
active crystal structure of A2aR (PDB entry: 6GDG). MD simulations are performed in qua-
druplicate, with or without bound adenosine (ADN) in DOPC or DOPG homogeneous mem-
branes.

(TTF)

S6 Fig. TM6 conformational change of A2aR in MD simulations. A) RMSD from the start-
ing inactive A2aR crystal structure (PDB entry: 4EIY) and B) with respect to the active A2aR
crystal structure (PDB entry; 6GDG). MD simulations are performed in quadruplicate, with or
without bound adenosine (ADN) and in DOPC or DOPG homogeneous membranes.

(TIF)

§7 Fig. Assessment of conformational change along TM3 during MD simulations of A2aR.
A} RMSD of residue L3.43 on TM3 compared to the inactive crystal structure (PDB entry:
4EIY} and B) assessment of vertical movement of TM3 along Z-axis. MD simulations are
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performed in quadruplicate with or without bound adenosine (ADN) and in DOPC or DOPG
homaogeneous membranes,
(TIF)

S8 Fig. Assessment of rotameric conformational change of residue W6.48 on TM6. A)
W246% 8 rotameric switch starting from gauche(-) (285°) (belonging to replica #2 from 1.7 ps
in APO embedded in DOPC, in magenta) to trans (180°) during MD simulation replica #4
from 1.8 ps in DOPG with bound adenosine (in green). B) %1 dihedral angle of residue
W246™'® gver time. MDD simulations are performed in quadruplicate, with or without bound
adenosine (ADN) in DOPC or DOPG homogeneous membranes.

[TIF)

89 Fig. Comparison of TM3-TM5 inter-helical distance in MD simulations of A2aR. Dis-
tanice between TM3-TMS5 is measured between Co atoms of R1027* and Q2077 MD simu-
lations are performed in quadruplicate, with or without bound adenosine (ADN) in DOPC or
DOPG homogeneous membranes.

('TIF)

§10 Fig. Alternative binding pose of adenosine in A2aR in DOPC membrane. A) Superposi-
tion of the intermediate crystal structure of A2aR (PDB entry: 2YDO, light green) and an MD-
generated conformation achieved within a DOPC membrane bound to adenosine (in blue,
belonging to replica #1 at 1.9 ps) showing B) and C) ligand atoms as spheres and selected resi-
dues making protein-ligand interactions as sticks. Intracellular loop (ICL) 3, extracellular loop
(ECL) 2, and transmembrane (TM) helices 1-3 and 5-7 are labelled.

(TIF)

511 Fig. Assessment of key protein-ligand interactions in MD simulations of adenosine-
bound A2aR embedded in DOPC membrane. A) Left: distance of F*** with respect to ribose
moiety of adenosine (ADN). Right: frequency (%) of protein-ligand m-m stacking {within range
of 0.0 to 4.0 A) over 2 ps. B) Evaluation of protein-ligand H-bond distances formed by resi-
dues: N253°%, E169%%°, H2787 %, 82777 (N—0 or 0—0). C) Mean protein-ligand interac-
tions (%) and protein-ligand H-bond occupancies per replica (%) for selected residues.

I'TIF)

512 Fig. MD simulation data of adenosine A2a receptor (A2aR) with or without bound
adenosine (ADN) starting from the inactive receptor crystal structure (PDB id: 4E1Y) in a
POPC membrane. Top row: RMSD and conformational fluctuation (RMSF) of bound adeno-
sine ligand; second row: TM3-TM7 and ionic lock (TM3-TM6) inter-helical distances; third
row: RMSD of whole TMD (TMs 1-7} or only TM$; fourth row: RMSD compared to active
crystal structure (PDB id: 6GDG) of whole TMD {TMs 1-7) or only TM6; fifth row: y1 dihe-
dral angle of W2465% on TM6 starting from gawche(-) crystal position (2857), and vertical
movement of extracellular loop 2 (ECL2); bottom row: vertical movement of TM3 and RMSD
of ECL2, MD simulations are performed in duplicate in POPC homogeneous membranes,
(TIF)

S13 Fig. Protein-lipid interaction between closest DOPG molecule and residue H2306.32
in MD simulations of A2aR with or without bound adenosine. A) Residues H230%% and
K233%% on TM6 of AZaR in apo state {orange) and B) A2aR with bound adenosine (green)
interacting with DOPG lipid (gold). Histidine-lipid interaction distances over time in four rep-
licas of A2aR in DOPG membrane in C) apo state and D) adenosine-bound {ADN), respec-
tively.

(TIF)
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514 Fig. Intermediate conformation of the apo state of A2aR in a DOPG membrane. A}
Comparison of the intermediate crystal structure of A2aR (PDB entry: 2YDO, light green) and
an MD-generated apo conformation achieved within a DOPG membrane (in red, belonging
to replica #2 at 1.6 ps) showing B) and C) selected residues delineating the orthosteric pocket.
Intracellular loop (ICL) 3, extracellular loop (ECL) 2, and transmembrane (TM) helices 1-3,
5-7 are labelled.

(TIF)

§15 Fig. Assessment of key protein-ligand interactions in MD simulations of adenosine-
bound A2aR embedded in DOPG membrane. A) Left: distance of F**** with respect to ribose
moiety of adenosine (ADN), Right: frequency (%) of protein-ligand n-n stacking (within range
of 0.0 to 4.0 A) over 2 ps. B) Evaluation of protein-ligand H-bond distances formed by resi-
dues: N253%%, E169™%%, H2787%, §277"* (N—0 or 0—0). C) Mean protein-ligand interac-
tions (%) and protein-ligand H-bond occupancies per replica (%) for selected residues.

(TIF)

516 Fig. State-dependent water-mediated polar network across the ZM241385-bound and
adenosine-bound A2aR crystal structures. The water network retrieved from: A) the inactive
crystal structure (PDB entry: 4E1Y, pink) and B) the intermediate crystal structure (PDB entry:
2YDO, light green). Residues and ligands are shown as sticks and water molecules are shown
as red spheres.

[TTF)

517 Fig. Alternative active-like conformational state of A2aR generated in an MD simula-
tion with bound adenosine in a DOPG membrane. A) Comparison of an MD-generated
conformation of A2aR bound to adenosine within a DOPG membrane (in green, belonging to
replica #4 at 1.8 ps) with the active crystal structure of A2aR (brown, PDB entry: 6GDG) show-
ing B) and C) ligand atoms as spheres and residues making protein-ligand interactions as
sticks. Intracellular loop (ICL) 3, extracellular loop (ECL) 2, and transmembrane (TM) helices
1-3, 5-7 are labelled.

(TIF)

518 Fig. Comparison of two active-like receptor conformations generated in MD simula-
tions of A2aR with bound adenosine in a DOPG membrane. A) Comparison of an MD-gen-
erated conformation of A2aR bound to adenosine within DOPG belonging to replica #2 (at

1.6 ps, green] with respect to replica #4 (at 1.8 us, olive green) showing B) and C) ligand atoms
as spheres and residues making protein-ligand interactions as sticks. Intracellular loop (ICL) 3,
extracellular loop (ECL) 2, and transmembrane (TM) helices 1-3, 5-7 are labelled.

(TIF)

§19 Fig. MD simulation data of adenosine A2a receptor (A2aR) with bound NECA starting
from the inactive receptor crystal structure (PDB id: 4EIY) in a DOPC membrane. Top
row: RMSD and conformational fluctuation {RMSF) of bound NECA ligand; second row:
TM3-TM7 and ionic lock (TM3-TM6) inter-helical distances; third row: RMSD of whole
TMD (TMs 1-7) or only TM6; fourth row: RMSD compared to active crystal structure (PDB
id: 6GDG) of whole TMIY (TMs 1-7) ar anly TMS; fifth row: ¥1 dihedral angle of W246** on
TMé starting from gawche(-) crystal position (285"}, and vertical movement of extracellular
loop 2 (ECL2); bottom row: vertical movement of TM3 and RMSD of ECL2, MD simulations
are performed in quadruplicate in DOPC homogeneous membranes,

(TIF)
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520 Fig. MD simulation data of adenosine A2a receptor (A2aR) with bound NECA starting
from the inactive receptor crystal structure (PDB id: 4EIY) in a DOPG membrane, Top
row: RMSD and conformational fluctuation {RMSF) of bound NECA ligand; second row:
TM3-TM7 and ionic lock (TM3-TMa) inter-helical distances; third row: BMSD of whole
TMD (TMs 1-7) or only TM6; fourth row: RMSD compared to active crystal structure (PDB
id: 6GDG) of whole TMD (TMs 1-7) or only TMé; fifth row: %1 dihedral angle of W246"*" on
TM6 starting from gauche(-) crystal position (285°), and vertical movement of extracellular
loop 2 (ECL2); bottom row: vertical movement of TM3 and RMSD of ECL2. MD simulations
are performed in quadruplicate in DOPG homogeneous membranes,

I TIF)

521 Fig. Assessment of key protein-ligand interactions in MD simulations of NECA-bound
A2aR embedded in DOPC membrane. A) Left: distance of F**** with respect to ribose moiety
of NECA. Right: frequency (%) of protein-ligand n-n stacking (within range of 0,0 to 4.0 A)
over 2 ps, B) Evaluation of protein-ligand H-bond distances formed by residues: N253%%%,
E169%%°, H278"%, 52777 (N—O or 0—0). C) Mean protein-ligand interactions (%) and
protein-ligand H-bond occupancies per replica (%) for selected residues.

(TIF)

§22 Fig. Assessment of key protein-ligand interactions in MD simulations of NECA-bound
A2aR embedded in DOPG membrane. A) Left: Distance of F** with respect to ribose moi-
ety of NECA. Right: frequency (%) of protein-ligand n-n stacking (within range of 0.0 to 4.0

A) interaction over 2 ps. B) Evaluation of protein-ligand H-bond distances formed by residues:
N253°%°, E169" %, H2787 %, 527774 (N—0 or 0—0). C) Mean protein-ligand interactions
(%) and protein-ligand H-bond occupancies per replica (%) for selected residues,

(TIF)

523 Fig. Protein-lipid allosteric interaction with the ionic-lock in MD simulations of
NECA-bound A2aR in DOPG membrane. A) Electrostatic interaction between ionic-lock
residue R102°°" of A2aR (green) from an intracellular viewpoint and a DOPG lipid, which
intrudes between TM6 and TM7 (snapshot belonging to replica #1 at 1.7 ps). B) Protein-lipid
interaction distance over time between R102* sidechain and lipid phosphate group in four
replicas of NECA-bound A2aR in DOPG membrane.

(TIF)

524 Fig. Frequency distribution of receptor conformations formed during different MI»
simulations with and without bound adenosine in two different membranes (DOPC or
DOPG) according to two different inter-helical distances. A) Population of receptor confor-
mations according to distance between residues R and Y™** (TM3-TM7), and (B) between
ionic lock residues R*™ and E** (TM3-TM6). Vertical black lines indicate values of inactive
(PDB entry: 4EIY ), intermediate (PDB entry: 2YDO) and active (PDB entry: 6GDG) crystal
structures.

(TIF)

§25 Fig. Frequency distribution of receptor conformations (according to two inter-helical
distances) formed during MD simulations with bound NECA in two different membranes
(DOPC or DOPG) or with/without bound adenosine in a POPC membrane. First and sec-
ond rows: population of receptor conformations according to distance between ***" and ¥7%
[TM3-TM?7); third and fourth rows: according to distance between ionic lock residues
and E5 (TM3-TM&). Vertical black lines indicate values of inactive (PDB entry: 4EIY),

RA5E0
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intermediate (PDB entry: 2YDO) and active (PDB entry: 6GDG) crystal structures.
(TIF)

§26 Fig. Boxplots of receptor characteristics from MD simulations of adenosine A2a recep-
tor (A2aR) in apo or with bound adenosine (ADN) or NECA in three different membranes.
Top row: inter-helical distances between: residues R**® and Y7** (TM3-TM?7), and ionic lock
residues R**® and E**° (TM3-TM6); bottom row: vertical movements of extracellular loop 2
(ECL2) and TM3, respectively. MD simulations in DOPG or DOPC were performed in qua-
druplicate. MD simulations in POPC were performed in duplicate.

(TIF)

S1 Table. Adenosine A2a receptor crystal structures.

(TIF)

S2 Table. Comparison of A2aR crystal structure distances. Comparison of TM3-TM6,
TM3-TMS5 and TM3-TM7 inter-helical distances in active, intermediate and inactive crystal

states.

(TIF)

$3 Table. Evaluation of Gas protein docking. Comparison of best docking quality of Ga,
protein into inactive, intermediate and active crystals structures, and different MD-generated
conformations of A2aR achieved under different conditions and performed in quadruplicate.
(TIF)
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Statistics for the analysis

of molecular dynamics
simulations: providing P values
for agonist-dependent GPCR
activation

Agustin Bruzzese'??, lames A. R. Dalton™* & Jesus Giraldo'%?

Molecular dynamics (MD) is the common computational technique for assessing efficacy of GPCR-
bound ligands. Agonist efficacy measures the capability of the ligand-bound receptor of reaching

the active state in comparison with the free receptor. In this respect, agonists, neutral antagonists
and inverse agonists can be considered. A collection of MD simulations of both the ligand-bound

and the free receptor are needed to provide reliable conclusions. Variability in the trajectories needs
guantification and proper statistical tools for meaningful and non-subjective conclusions. Multiple-
facter (time, ligand, lipid) AMOVA with repeated measurements on the time factor is proposed as a
suitable statistical method for the analysis of agonist-dependent GPCR activation MD simulations.
Inclusion of time factor in the ANOVA model is consistent with the time-dependent nature of MD.
Ligand and lipid factors measure agonist and lipid influence on receptor activation. Previously
reported MD simulations of adenosine AZa receptor (AZaR) are reanalyzed with this statistical
method. TM6-TM3 and TM7-TM3 distances are selected as dependent variables in the ANOVA model.
The ligand factor includes the presence or absence of adenosine whereas the lipid factor considers
DOPC or DOPG lipids. Statistical analysis of MD simulations shows the efficacy of adenosine and the
effect of the membrane lipid composition. Subsequent application of the statistical methodology to
MNECA A2aR agonist, with resulting P values in consistency with its pharmacalogical profile, suggests
that the method is useful for ligand comparison and potentially for dynamic structure-based virtual
screening.

Molecular dynamics (MD) simulations is an established computational tool for the examination of the confor-
mational flexibility of molecules, in particular proteins’. G protein-coupled receptors (GPCRs) are membrane
proteins responsible for signal transduction from outside to inside the cell. Thus, the healthy or pathologic state
of living organisms greatly depends on the correct or anomalous functional molecular state of GPCRs, This is
translated into the fact that GPCRs are the target for about one third of current marketed medicines®.

GPCHRs, also known as 7-transmembrane (7-TM) receptors, have in common that they all bear seven trans-
membrane helices which are connected by three extra- and three intracellular loops. A number of biophysical
approaches amongst them crystallography and different spectroscopic techniques have studied the conforma-
tional changes asseciated to the activation of GPCRs". Particularly in Class A GPCRs, receptor activation involves
a large outward movement of TM helix 6 (TM6) from the central TM3 and a smaller inward movement of TM7
as relevant mechanistic conformational features’,

Tor reveal GPCR activation conformational features, MD simulations need at least ps-lcnglh trajectories
and the use of several replicas to prtwidc sufficient confidence o L't1rnput.'1lic1nal results, It s worth noting that,
although starting from the same conformational arrangement and applying identical experimental conditions,
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two independent trajectories can evolve differently leading to dissimilar results. Also importantly is that MD
simulations are inherently time-dependent and, consequently, the time factor should be present in their statisti-
cal analysis.

Despite the wide use of MD simulations there is not a unified approach for their analyses. Different multivari-
ate statistical analyses such as cluster and principal component analysis and, more recently, machine learning
approaches are being applied™. Here we present a multiple-factor analysis of variance (ANOVA) with repeated
measurements on the time factor, a classical statistical approach which makes use of the time-dependent nature
of MDD simulations and quantifies the statistical effect that several experimental conditions may have on the
activation capability of a receptor. The main advantages of the approach are (1) its general practicality, as it is
included in most statistical packages, and (2) the computational production of P values, which removes subjec-
tivity from conclusions.

Results and discussion

In the present article we reanalyze a recent study of ours in which the activation of the adenosine AZa Class A
GPCR (A2aR) was examined’, In this study, 2 ps-length MD simulations of AZaR under 2 experimental con-
ditions: absence/presence of endogenous adenosine and DOPC ( 1,2-dioleoyl-sn-glyeerol-3-phosphocholine)
DOPG (1,2-dicleoyl-sn-glycerol-3-phosphoglycerol) lipid environment were performed’. To provide sufficient
variability, 4 replicas were run in each condition value. Figure 1 shows the trajectories of each of the replicas in
each of the experimental conditions for the two main variables reflecting the receptor activation process, namely,
the distances between TM3 and TM6 (TM3-TM6) and between TM3 and TM7 (TM3-TM7). Values were col-
lected every 0.02 ps, totalizing 100 time-points for each replica. Visual inspection of Fig. 1A shows the effect
of both the ligand (agonist, in this case) and lipid factors on TM3-TMé6: adenosine increases the magnitude of
this variable over the apo receptor and, similarly, does DOPG with respect to DOPC. The same overall effects,
though in an opposite direction and lower degree, happen for TM3-TM7 (Fig. 1B): adenosine decreases the
TM3-TM?7 distance over the apo receptor and, seemingly, does DOPG with respect to DOPC. However, there
are differences between the 4 replicas within each of the (lipid, ligand) experimental conditions, We may all
agree that the visual variability observed between and within curves in Fig. 1 needs quantification and proper
statistical analysis to provide meaningful conclusions.

Figure 2 depicts means and standard errors of the mean (SEM) along time for the 4 replicas included in each
of the (ligand, lipid) experimental conditions of the MD simulations for TM3-TMé and TM3-TM7 variables.
To statistically assess the variability between and within replicas a three-factor (time, ligand, lipid) ANOVA with
repeated measurements on the time factor was performed. Table 1 shows the P values for the tested effects on
the selected variables, where an MD simulation trajcr,'lq}r)' or n:p|'|g,'a takes the sense uf.‘:uhjﬁ:l or Exp:rimcnla]
unit in the common statistical lansuag:_

On the anahl,rsls of TM3-TM#6, Table 1 shows that both I.ipid and ]','lgand variables have .\'igniﬁcani effects
(P=0.0062 and P=0.0008, respectively). On the contrary, the Lipid = Ligand interaction is not significant
{P=0.5669), meaning that the effect of the ligand is similar in both lipid environments. When analyzing the
within-trajectory effects, we see that Time is significant (P < (0.0001} and also both Time x Lipid {£<0.0001) and
Time x Ligand (P <0.0001) interactions, meaning that there is an increase in average of TM3-TMé with time and
that this increase depends on the lipid and the ligand compositions. Finally, the absence of statistical significance
of the Lipid x Ligand interaction maintains this value when time is also included in the interaction (P=0.9473).
Translating probability values into pharmacological concepts, we can say that DOPG environment facilitates
receplor activation more than DOPC and that adenosine is more efficacious than the free receptor in inducing
an active conlormation, irrespective of the membrane lipid composition. The activation of the receplor oceurs
progressively along time and the effect along time is not the same for each of the lipids and also for adenocsine
in comparison to the free receptor. Finally, the effect of the lipid along time happens for both adenosine-bound
and the free receptor.

On the analysis of TM3-TM7, we see that, similarly to the TM3-TM#6 evaluation, both Lipid and Ligand
variables have significant effects (P=0.0411 and P=0.0201, respectively). Analogously also to TM3-TM8, the
Lipid x Ligand interaction is not significant (P=0.9288), It is worth noting that the P values for the Lipid and
Ligand effects are lower in TM3-TM7 than in TM3-TM6, which is in agreement with depicted curve profiles
and the general consensus that TMé outward movement is the principal structural feature characterizing Class
A GPCR activation. When analyzing the within-trajectory effects, we see that Time is significant (P=0.0021)
but, contrary to TM3-TM&, neither Time = Lipid (P=0.9912) nor Time x Ligand (P=0.9934) interactions are
significant. Or in other words, neither the effect of lipid nor the effect of ligand significantly increase with
time. Finally, the absence of statistical significance of the Lipid = Ligand interaction maintains this value when
time is also included in the interaction (P=0.2869). We may attribute the differences in statistical significance
between TM3-TM6 and TM3-TM7 variables in the Time interaction effects to the observed large effects on
the TM3-TM#& variable of the inclusion of both Ligand = adenosine and Lipid = DOPG conditions (compare
Fig. 2A,B).

s]’nterr_-iting])', the I.igand factor pnw‘id:s‘. a statistical comparison between the free receptor and an agunia!-
bound receptor; in the present case, adenosine. Thus, a correspondence can be made between the Pvalue and the
concept of intrinsic efficacy®; in the present case, for two different structural features: TM3-TM6 and TM3-TM7,
with the former as the most indicative of receptor activation.

To investigate whether the proposed statistical methodology can be useful for drug comparisen, we selected
a set of trajectories of NECA (5'-N-ethylcarboxamidoadenosine) A2aR agonist which were run under the same
conditions of trajectory-length, lipid composition and number of replicas as those of adenosine (Figs. 3 and 4).
As in the case of adenosine, these trajectories are described individually in Ref.”. Considering that NECA is a
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Figure 1. Examination of structural features depicting adenosine-dependent receptor activation in AZaR from
2 ps -length MD simulations. Lipid (DOPC, DOPG) and ligand (adenosine, APO) experimental conditions
were considered. 4 replicas for each condition combination were run. Structures were taken every 0.02 us. (A)
The TM3-TMé distance is measured between Ca atoms of R102**" and E288°", (B) The TM3-TM?7 distance

is measured between Ca atoms of R102* and Y2887, Horizontal TM3-TM6 and TM3-TM7 red lines
correspond to the distances between the aforementioned respective atoms for the inactive receptor (PDB entry:
4ETY)" whereas horizontal green lines correspond to the distances for the active receptor (PDB entry: 6GDG),
ADN stands for adenosine. Figures adapted from’.
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Figure 2. Descriptive statistics, mean and standard error of the mean (SEM), for the sampled 4 replicas in
each of the conditions (lipid, adenosine) depicted in Fig. 1. [A) TM3-TM5 distance. (B) TM3-TM7 distance.
Haorizontal lines have the same definition as in in Fig. 1. ADN stands for adenosine.

more potent agonist than adenosine one would expect that the performed statistics would reflect this pharma-
cological feature. Table 2 displays the P values of NECA MD simulations, which can be compared with those
of adenosine in Table 1. If we focus on those factors related with ligand, we see that, in the case of TM3-TMé6
dependent variable, the P value for the Ligand factor is slightly lower for NECA {P=7.61x 10} in comparison
with adenosine (P=7.98 x 10-"). More important is the Time x Ligand effect: P=3.97 x 10" for NECA and
P=147 %1077 for adenosine. Moreover, in the case of the TM3-TM7 dependent variable, the P values for the
Ligand factor are P=0.0174 and P=0.0201 for NECA and adenosine, respectively, whereas for the Time x Ligand
effect the P values are P=0.5272 and P =0,9984 for NECA and adenosine, respectively, Overall, we see that the
effect Qfligand factor is stronger for NECA than for adenosine in agreement with their agmnisl potency prﬂﬁlcﬁ_

As a hypothesis to be tested with further studies, it could be proposed that, by generalizing the previous
results, the herein shown formalism could be applied in high throughput MD simulations of large collections
of ligands. In doing so, the Pvalues of the MD simulations could be later used as a statistical descriptor to rank
agoenists according to their capability to activate the receptor (at in silico level and with the inherent limitations
of a computational study}. Considering that each agonist is compared with the free receptor, this is a way to
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Between-trajectory elfects

[.i[luﬂ P=6.18&x 10" P=00411
Ligand P=798x 107" | P=00200
Ligad = Hgand P=15669 P=059288
Within-trajectory effects

Time P=610= 107" | P=211=10""
Time = lipicd Pe53dxl0™ | P=099]2
Tirme x ligand P=147x 107 | P=059984
e li[.'llnlx |:|5..|.IN.| P=0973 P=0.2869

Table 1. Three-factor (time, Iigand, lipld]-.l\NﬂV.'\ of receptor activation with pr:ah:d measurements on
time factor. I.igund: adenosine [pre.\'Enlfaha;rml}_ ]'.ipid: DOPC/DOPG, Statistical anaiy_liiﬁ of data dcpicu:d on
Figs. 1 and 2.

approach the agonist efficacy concept, from MD simulations and within a statistical perspective. Ranked P values
of a set of agonists for a particular receptor in combination with the structure of these ligands could be used as a
component of following quantitative structure-activity studies. These studies could lead to new drug design, In
this respect, MD simulations could provide a time-dependent ramework for virtual screening purposes. This
virtual screening can be made either directly through MD simulations of the chosen ligands or indirectly by
ligand docking on selected receptor structures from MD simulations of apo receptors or ligand-bound recep-
tors—the latter in the case of evaluating allosteric modulators. In this way, MD-based virtual screening can be
a complement to the more classical structure-based virtual screening, which targets static crystal structures™ "'

MDD is a computational technique especially appropriate for addressing the flexibility of the target proteins,
GPCRsin the present study. It seems logical that, in general, considering the flexibility of the target can increase
the probability of identifying new ligands, However, whether this is really an advantage for GPCR drug discovery
is a current debate. In a recent publication on the performance of virtual screening against GPCR homology
maodels', in which binding site plasticity was considered by including ensembles of structures, it was shown that
MD refinement resulted in moderate improvements of structural accuracy and the virtual screening performance
of snapshots was either comparable to or worse than that of the raw homaology models'. However, and from
a different perspective, the methodological approach herein shown is focused on the statistical significance of
structural features reflecting receptor activation. To this end, we are proposing multiple-way ANOWVA for the
statistical analysis of those MY simulations that are addressed to allow the distinction between agonists, neutral
antagenists and inverse agonists (through statistical comparison with the MD simulations of the apo receptor).
Molecular docking screening focused on specific ligand sets has been considered elsewhere™, In this study, a
|arsl: |ihrar‘l,' virtual screen aSai nst an active ﬂ:—adrenrrgjr_' receplor (|32AR} L'rysta] structure returned aSnniSIH
l::(g,']u.tii\'r}]y and with a hish hit rate. However, it seems that, in gcm:r;d, structural information from active recep-
tors is not transferrable to other receptors despite reasonable sequence identity. When the same authors used
the B2AR active state as a template for the construction of a dopamine D2 receptor {DRDZI) activated model,
although both receptors share 42% sequence identity, virtual screening was not satisfactory: few weak agonists
mixed with an inverse agonist were selected from the modeled DRD2 active state'”. Thus, it seems plausible to
hypothesize that MD simulations can potentially be an appropriate complement for virtual screening based on
static structures and, interestingly, they can be especially addressed to distinguish between agonists, neutral
antagonists and inverse agonists, particularly, in these cases in which the crystal active receptor state has not
been determined. We must admit that the computational cost of the required MD simulations can be a limiting
barrier of the methodology if is intended for high throughput screening. However, it may be accepted that, with
a sustained exponential growth in computational power, long and massive MD simulations can be accessible
in the near future.

Concluding remarks

To summarize, we conclude that multiple-factor ANOVA with repeated measurements on the time factor can
be g useful statistical lcchm'r,]u: for the anal}'si_‘: of MD simulations of |igund—b(}und GPCRs under various
experimr:nla] conditions. The pnrpnﬁcd mtlhnduiﬁg}' has the benefit of inr;|udin5 Pvalues for a.-;s«:ssing statisti-
cal significance of testing hypotheses, in particular agonist efficacy. In addition, resulting P values can provide
a probabilistic framework for dynamic structure-based virtual screening if the limitation of the computational
cost is overcome. The methodology can be extended to systems other than GPCRs by defining the appropriate
dependent variables.

Methods

Three-factor (time, ]lgand, ]ipid] anu]ysis of variance (ANOVA) is prup{ns:ri fior the statistical analysis of GPCR
MD simulations to assess receptor activation. This method was selected because it is a confirmatory statistical
technigue in which a hypothesis concerning receptor activation can be tested and associated P values obtained.
Either the TM6-TM3 or the TM7-TM3 distances were chosen as dependent variables because it is known
that their respective increase or decrease with respect to the inactive receptor state are indicative of receptor

Scientific Reports |

(2020} 10:19942 | https:{fdoi.org/10.1038/s41598-020-77072-4 nature research

111



UrnB

Universitat Autbnoma
de Barcelona

www.nature.com/fscientificreports/

P

Distance between TM3 and TMT (&)~

22

20
18
16
14
12
10

Distance betwean TM3 and TM7 (A)

Appendix
- DOPC + MECA
P I
E 19 4
E 17 -
215 -
5 2 T W\
11 |
% 5 ¥ v LY \_,-HWJ Wiy
=] =
E 3 T T T
= K] 0.5 1.0 15 2.0
Time (ps)
5 DOPC + APO
e L |
£ 19
=
S 17 -
2 15 -
= 13 -
v i "
E 11 4, N. "‘I ,
59 S g\ A_ L.
-t WM’W
g s r r
& op 0.5 1.0 1.5 2.0
Time (s
DOPC + MECA
22
20

n.o 0.5 1.0 1.5 2.0
Time (s}
DOPC + APO
\. 1
T T T
0.0 0.5 1.0 15 2.0
Time {ps)

Distance between TM3 and TMT (A)

Distance between TM3 and TMT (&)

Distance between TM3 and TME (A)

Distance between TM3 and TME (&)

-

“INCc

Y
,;-{i;;

Institut de

b Neurociéncies

DOPG + NECA

rf WW 'ﬁ}f jf-ﬁ

L

5 T T T
0.0 0.5 1.0 1.5 2.0
Time (ush
DOPG + APO
21
19 +
17 -
15+
13 o
u4, My Irmq'“u,ﬁ_;rw"’ﬂ\,,
] o
+ 4L
5 T T T
4X1] 0.5 1.0 15 2.0
Time (us)
DOPG + MECA
22
20 5
18 4
16 4~
14 4} M {,}\
124 \ A .I'“ﬂ
] H,r\»\ i
10
8 Jlr ’f A, A— b u"t‘
0.0 0-5 l.U 1.5 2.0
Tirme (jas)
DOPG + APD
22
20
18 +
16 P A WA
W.L"lﬁ ”'\1'1""' L% |\f'.
14 - '"\-’"'1}’ lr
! V]
a1 By e
10
8 T T T
0.0 0.5 1.0 15 2.0
Time {ps)

nec + dape #1
nec + dopc #2
nec + dopc #3
nec + dape #4
— nec +dopg #1
nec + dopy #2
nac + dopg #3
nec + dapg #4

apo + dope #1
apo + dopc #2
apo + dopc #3
apo + dopc #4

apo + dopg #1
apo + dopg #2
apo + dopg #3
apo + depg #4

active crystal
Structure

mactive crystal
structura

nes + dope #1
nec + dopo #2
net + dops #3
nec + dopc #4

nec + dopg #1
nec + dopg #2
nec + dopg #3
nec + dopg @4

apa + dape #1
apa + dopc #3
— Bpa + dape #3
apa + dapr #4

apa + dopg #1
apa + dopg #2
apa + dopg #3
apa + dopg #4

active crystal
structure
inactive crystal
structure

Figure 3. Examination of structural features depicting NECA-dependent receptor activation in A2aR from

2 ps -length MD simulations. Lipid (DOPC, DOPG) and ligand (NECA, APO) experimental conditions were
considered. 4 replicas for each condition combination were run. Structures were taken every (.02 ps. (A) The
TM3-TM# distance is measured between Ca atoms of R1027% and E2885%, (B) The TM3-TM?7 distance

is measured between Ca atoms of R102* and Y2887, Horizontal TM3-TM6 and TM3-TM7 red lines
correspond to the distances between the aforementioned respective atoms for the inactive receptor (PDB entry:
4ETY)" whereas horizontal green lines correspond to the distances for the active receptor (PDB entry: 6GDG),

Figures adapted from Ref ",
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Figure 4. Descriptive statistics, mean and standard error of the mean (SEM), for the sampled 4 replicas in each
of the conditions (lipid, NECA) depicted in Fig, 3. (A) TM3-TMé distance, (B} TM3-TM?7 distance, Horizontal
lines have the same definition as in in Fig. 1 and 3.

activation. Te allow for variability, 4 trajectories or replicas for each of the selected ligand and lipid factors were
run. Each trajectory is considered as a subject or experimental unit in the statistical analysis performed. Special
attention was paid to the fact that an MD simulation inherently involves time-dependent data. Thus, we have
time-dependent values for TMé&-TM3 and TM7-TM3 along the trajectories. The length of each of the trajecto-
ries was 2 ps. Values of each of the dependent variables were collected every 0.02 ps, totalizing 100 time-points
for each replica. Thus, we have 100 values for each trajectory providing information on how TM&-TM3 and
TM7-TM3 evolve alang time for each combination of ligand and lipid values {see below), Time was included in
the ANOVA model as a repeated-measurement lactor as cach trajectory is repeatedly measured along time. To
evaluate the efficacy of adenosine, the Ligand factor with 2 values {adenosine present or absent) was included,
Note that when analyzing the trajectories corresponding to NECA agonist the values of the Ligand factor are
NECA present or absent. The lipid composition of the membrane (Lipid) was included in the ANOVA model as
the third factor. Two lipid values were considered: DOPC or DOPG. This would allow to test the lipid effect on
receptor activation and whether the agonist capability depends or not on the lipid environment. 24 trajectories (3
{ligand) = 2 (lipid) = 4 (replica)) were included in the analyses. The TM3-TM& distance was measured between Ca
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Between-trajectory elfects

l.ipuﬂ P =025 P=0,1860
Ligand Pe76lx107 | P=00174
Ligad = Hgand P=0.7801 F=0.729%
Within-trajectory effects

Time P=]84=10"" | P=355x10"
Time = Lipid Pe5 15 107" | P=00045
T = ligand P=347x 107" | P=05272
e lipmlx |:|g.|.m.| P={L.8651 P=035814

Table 2. Three-factor (time, Iigand, [ip'td]-.l\NﬂV.'\ of receptor activation with repeated measurements on
time factor. I.igand: NECA {prcscnt,n‘abs:nl}. l,ipid'_ DOPC/DOPG. Statistical una|)'$is of data dr:p'lr_'tcd an
Figs. 3 and 4.

atoms of R102** and E288°%, The TM3-TM7 distance was measured between Ca atoms of R102** and Y2887
{see Ref'* for numbering notation). In order for ANOVA to be applied some assumptions need to be satisfied:
(1) the distribution of values should be normally distributed and (2) the groups should come from populations
with equal variances (homogeneity of variances). The normality assumption for each group of 4 replicas was
verified through the Shapiro-Wilk test for normality whereas the homogeneity of variances was tested by the
F-distribution. We checked the applicability conditions at each time-point of the trajectories corresponding
to adenosine system. For the TM3-TMé dependent variable, the normality assumption was accomplished in
93% of the time points whereas the homogeneity of variances assumption was satisfied in 88% of time points.
For the TM3-TM?7 dependent variable, the normality assumption was accomplished in 94% of the time poeints
whereas the homogeneity of variances assumption was satished in 96% of time points, Considering the broad
compliance of the assumptions and the robustness of the ANOVA method, which allows its application even
if the assumptions are not fully accomplished'®, we think the herein proposal of ANOVA formalism for MD
simulations analysis is justified. SAS 9.4 statistical package (SAS Institute Inc,, Cary, NC, USA) was used for
statistical analyses. P values lower than 0.05 were considered statistically significant.
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S| Figure 1. A cluster of positively-charged residues (13 in total) located on TM5, TM6 and ICL3 on the

intracellular side of B2AR. Arginines are coloured green and lysines coloured orange.
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S| Figure 2. Structural comparison between BAR active and inactive crystal structures. A) Structural

superposition of the active-state crystal structure (PDB id: 3SN6, orange) on the inactive-state crystal structure
(PDB id: 2RH1, cyan). B) Intracellular view of TM6 movement between inactive and active states. C) The
intracellular-side of the receptor and the distance (indicated by dashed lines) between ionic-lock residues (R"So and

£°*) in both states. D) Packing of the triad core in active and inactive crystal structures. Relevant structural

features are labelled: intracellular loops (ICLs) and transmembrane (TM) helices.

120



Universitat Autbnoma Supplementary materials Institut de
de Barcelona % Neurociéncies

UNB f‘r”INc
; g?it

A) 100 DOPC #1 —
DOPC #2
BOPE i3
8.0
%
5
£ 6.0
[o2]
|
<
9 40
s
o
2.0
0.0

00 05 10 15 _ i? 25 30 35 40
Time (us)

s1 Figure 3. Comparison between the initial conformation of ICL3 and those generated during MD simulations of |

B2AR in DOPC and DOPE membranes. A) RMSD profiles of ICL3 over respective 4 us MD simulations compared to
the initial modelled conformation. B) Initial active-state conformation of ByAR/ICL3 (orange) and the conformation

generated after 0.4 ps of MD simulation (dark green) in a DOPC membrane. C) Initial active-state conformation of

B2AR/ICL3 (orange) and the conformation generated after 2 ps (dark blue) in a DOPE membrane. Intracellular loop

3 (ICL3) and transmembrane (TM) helices 5 and 6 are labelled.
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51 Figure 4. Comparison of the modulation of TM6 conformation in B;AR by different lipid membranes. RMSD

profiles of conformational changes in TM6E observed during respective 4 ps MD simulations, compared to the

inactive crystal structure of B5AR (PDB id: 2RH1). The four lines constitute two MD simulations in DOPC membrane

(dark green and light green) and two MD simulations in DOPE membrane (dark blue and light blue).
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S| Figure 5. Comparison of distance between ionic-lock residues (R and E*") as a measure of deactivation or

stabilization of the active state of B2AR. The six oscillating lines show ionic-lock status over respective 4 ps MD
simulations of B2AR in DOPC (dark green and light green), DOPE (dark blue and light blue), and DOPG (dark

magenta and light magenta) membranes. Corresponding flat-lines are included to show the observed distance in

the active (dotted line, PDB id: 35N&) and inactive (solid line, PDB id: 2RH1) B2AR crystal structures.
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SI Figure 6. Comparison of full or partial inactivation processes of ;AR in DOPE or DOPC membranes. RMSD

profiles of conformational changes in helices 1-8 observed during respective 4 us MD simulations compared to the

inactive crystal structure of B5AR (PDB id: 2RH1). The four lines constitute two MD simulations in DOPC membrane

(dark green and light green) and two MD simulations in DOPE membrane (dark blue and light blue).
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si Figure 7. Selected protein-lipid interactions assisting the stabilization of an active-like state of B2AR in a DOPG |

membrane. A) Selected allosteric interactions between positively charged residues (R253, R259) on intracellular

loop 3 (ICL3) of BAR (light magenta) with DOPG lipids (light blue) after 4.0 us MD simulation. B) Interactions

between selected residues on TM6 (H269°*, K273°%%) and phosphate groups of DOPG lipids (light blue) allow the

stabilization of TM6 in an outward conformation.

A) B)

300 DOPG #1

o |'l ‘;"',"ﬂ' )i DOPG #2 — é : & e
s

v ™5~

0.0 05 10 3.0 35 40

15 2.0 25
Time (Microseconds)

Sl Figure 8. Comparison between the initial conformation of ICL3 and that generated during MD simulations of
B2AR in a DOPG membrane. A) RMSD profiles of ICL3 observed during 4 pus MD simulations compared to the initial

active-state conformation. B) Initial active-state conformation of B,AR (orange) superimposed with the

conformation of ICL3 observed after 0.1 ps (light magenta) in a DOPG membrane.
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Sl Figure 9. Conformational changes in TM6 of apo B2AR within a DOPG membrane, observed over respective 4

Hs MD simulations. (A) RMSD profiles of the conformational changes of TM6 in two MD simulations (light and dark
magenta) compared to the active-state crystal structure (PDB id: 3SN6). (B) and (C) Structural comparison of the
active-state crystal structure of AR (orange) and a receptor conformation (light magenta) obtained from halfway
of its 4 us MD simulation within a DOPG membrane, showing 90° rotation around the membrane plane
(extracellular-side: top, intracellular-side: bottom). Intracellular loops (ICL) 2 and 3, and transmembrane (TM)

helices 5, 6, and 7 are labelled.
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structure (PDB id: 3SN6).

S| Figure 10. Conformational changes of B2AR in apo state within a DOPG membrane, observed over respective 4

us MD simulations. RMSD profiles of the transmembrane domain (helices 1-8) compared to the active-state crystal
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S| Figure 11. The MD-generated receptor conformation of B2AR in a DOPG membrane is able to bind co-

crystallized G,-alpha protein similar to the active-state crystal structure (PDB id: 3SN6). A) Crystal structure of the

active state of B2AR (PDB id: 3SN6, orange) bound to the C-terminus of its co-crystallized G.-alpha protein (yellow).
B) Stabilized active-like conformation of B2AR in a DOPG membrane after 4 ps MD simulation (light magenta) is
able to correctly dock G.-alpha protein (yellow). (C) Partial inactive conformation of B2AR in a DOPC membrane

(green) and (D) full inactive conformation of B2AR in a DOPE membrane (blue) after respective 4 pus MD

simulations are unable to correctly dock G.-alpha protein (yellow).
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si Figure 12. Protein-lipid electrostatic interactions between TM6 of AR and membrane lower-leaflet. A) Radial |
distribution g(r) of positively charged residues at the intracellular end of TM6 (K263, K267, K270, K273) and
negatively charged phosphate groups of lower-leaflet lipid molecules in three different membranes. (B)
Comparison of average observed protein-lipid electrostatic interactions between TM6 of BpAR and membrane

lower-leaflet over respective 4 us MD simulations. Error bars represent standard deviation.
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S| Figure 13. Selected pfoteln-llpid interactions assisting in the deactivation of BZAR in a DOPE membrane.

Repulsive allosteric interaction (represented by dotted curved black lines) between K273%%* on TM6 of B2AR (dark

blue) and positively-charged head-group of DOPE lipid (light brown) during the first nanosecond of its MD

simulation. An inter-lipid hydrogen bond is formed between adjacent DOPE lipids (dotted orange line)
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Sl Figure 14. Conformational sampling of B2AR in apo state within DOPC, DOPE and DOPG membranes over

respective 4 us MD simulations. Conformational change (RMSD compared to active crystal structure, PDB id:

3.50

3SN6) of TM7 motif NPXXY against distance between ionic-lock residues (R™” and E"‘m). Data is extracted from 2 to

4 ps of each respective MD simulation.
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Table 51. Protein conformational state measurements of B3AR taken across respective MD simulations in three

different phospholipid membranes (DOPC, DOPE, DOPG).

DOPE DOPC DOFG

Measure [A] Tirne () W [ i3] ['H "l [(H
oo 18.6 18.6 18.6 18.6 18.6 186
1.0 1.3 76 11.7 17.6 18.1 210
lonic Lock Déstance 20 92 7.4 14.1 19.2 19.1 215
a0 i0.a a.9 138 14.4 18.7 212
4.0 11.1 5.8 11.1 10.2 .3 16.8

0.0 6.7 6.7 [ Bvr 6.7 6.7

1.0 28 27 82 B3 7.7 B3

RMED Traramembrane helix & wit Insctive crystal 20 a3 28 @3 B4 Ba 9.3
30 32 13 449 4.8 B3 B3

40 a0 28 47 4.0 B3 e

0.0 0.0 0.0 0.0 0.0 L1} ]

10 6.4 58 61 29 32 4.9

FMED Tranamembrane hels: 6 wit active cryatal 20 6.5 6.2 T iz 34 4.5
a0 53 6.1 47 a8 a7 4.4

4.0 5.2 6.7 4.8 4.4 4.3 4.1

0.0 33 33 33 33 33 3.3

1.0 28 23 41 ia 4.8 4.2

FMSD Helices 1-8 wil inaclive crystal 20 29 2.6 4.7 2.8 4.9 4.8
an 27 24 33 29 4.5 43

4.0 25 27 34 28 4.4 4.1

0.0 0.0 [114) 0.0 oo 0.0 0.0

10 39 4.2 kY] 4.7 23 3

RMSD Hebces 1-8 wit aclive crystal 20 4.5 8.0 38 4.4 24 3.0
an 35 49 33 47 23 32

4.0 4.8 2.0 4.3 4.4 2.3 3.9

0o a7 a7 T i a7 a7

1.0 a2 29 3z an 28 4.2

RMED NP xxY wit inactive crystal 20 N 3.0 35 4.7 4.6 4.2
an 28 30 39 36 4.7 4.9

4.0 28 27 36 4.0 4.5 4.8

on [ 0.0 00 on 0.0 0o

1.0 33 4.1 31 a0 an 3.2

RMED MPxxY wit active crysial 20 32 33 a0 26 2.8 3.6
a0 29 4.1 32 33 27 3

4.0 3.0 4.2 2B 22 24 2.8
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9.2. INSIGHTS INTO ADENOSINE A2A RECEPTOR ACTIVATION THROUGH COOPERATIVE
MODULATION OF AGONIST AND ALLOSTERIC LIPID INTERACTIONS
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S1 Fig. Docking of NECA in the inactive crystal structure of adenosine A2a receptor (A2aR). A)

Molecular structure of NECA. Comparison of B) co-crystallized NECA (lime) in agonist-bound A2aR
crystal structure (PDB entry: 2YDV, light green), and C) docked NECA (magenta) in the inactive crystal
structure of A2aR (PDB entry: 4EIY, pink). Selected residues participating in ligand binding are displayed.

Extracellular loop (ECL) 2 and transmembrane (TM) helices 5-7 are labelled.
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S2 Fig. Structural comparison between A2aR intermediate and inactive crystal structures: A) structural
superposition of the intermediate adenosine-bound crystal structure (PDB entry: 2YDO, light green) on the
inactive-state crystal structure (PDB entry: 4EIY, pink). B) Comparative positioning of residue L** located
on TM3 and rotameric state of W®* on TM6. C) Intracellular distance between residues R**” and Y% on
TM3 and TM7 (indicated by dashed lines) before/after receptor conformational change. D) Distance between
residues R and Q°** (indicated by dashed lines). E) Partial separation of ionic-lock residues R**" and E**
on TM3 and TM6 (indicated by dashed lines). Relevant structural features are labelled: extracellular loops
(ECL) 1, 2 and 3, and transmembrane (TM) helices 1-3, 5-7.
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outward movement

anti-clockwise
rotation

S3 Fig. Structural comparison between A2aR active and inactive crystal structures: A) structural
superposition of the active-state crystal structure (PDB entry: 6GDG, brown) on the inactive-state crystal
structure (PDB entry: 4ELY, pink). B) Proposed scheme of activation for A2aR, including rotation and
upwards axial movement of TM3, outwards movement of TMS3, rotation plus outward movement of TM6,
and inwards movement of TM7. C) Comparative positioning of residue L** located on TM3 and rotameric
state of W*** on TM6. D) Intracellular conformational change of TM3 with increased separation (indicated
by dashed lines) between residues R*** and Q™* after receptor activation. E) Intracellular comparison of
distance between residues R** and Y7 after receptor activation (indicated by dashed lines). F) Intracellular
conformational change of TM6 and separation (indicated by dashed lines) of ionic-lock residues R** and
E® after receptor activation. Relevant structural features are labelled: intracellular loop (ICL) 2,

extracellular loops (ECL) 1, 2 and 3, and transmembrane (TM) helices 1-3, 5-7.
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54 Fig. Comparison of conformational change of extracellular loop 2 (ECL2) in MD simulations of
AlaR. A) RMSD of ECL2 from the starting inactive A2aR crystal structure (PDB entry: 4EIY). B) Vertical
movement of ECL2 along Z-axis (containing residues: G142-A173), MD simulations are performed in

quadruplicate, with or without bound adenosine (ADN) in DOPC or DOPG homogeneous membranes.
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S5 Fig. Conformational change of helix bundle of A2aR in MD simulations. A) RMSD of helices 1-7
from the inactive crystal structure (PDB entry: 4EIY) and B) with respect to the active crystal structure of
A2aR (PDB entry: 6GDG). MD simulations are performed in quadruplicate, with or without bound
adenosine (ADN) in DOPC or DOPG homogeneous membranes.
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S6 Fig. TM6 conformational change of A2aR in MD simulations. A) RMSD from the starting inactive
A2aR crystal structure (PDB entry: 4EIY) and B) with respect to the active A2aR crystal structure (PDB
entry: 6GDG). MD simulations are performed in quadruplicate, with or without bound adenosine (ADN) and

in DOPC or DOPG homogeneous membranes.
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87 Fig. Assessment of conformational change along TM3 during MD simulations of A2aR. A) RMSD of
residue L3.43 on TM3 compared to the inactive crystal structure (PDB entry: 4EIY) and B) assessment of
vertical movement of TM3 along Z-axis. MD simulations are performed in quadruplicate with or without

bound adenosine (ADN) and in DOPC or DOPG homogeneous membranes.
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S8 Fig. Assessment of rotameric conformational change of residue W on TM6. A) W246°* rotameric

switch starting from gauche(-) (285°) (belonging to replica #2 from 1.7 us in APO embedded in DOPC, in

magenta) to trans (180°) during MD simulation replica #4 from 1.8 ps in DOPG with bound adenosine (in

green). B) y1 dihedral angle of residue W246%* over time. MD simulations are performed in quadruplicate,

with or without bound adenosine (ADN) in DOPC or DOPG homogeneous membranes.
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S9 Fig. Comparison of TM3-TMS inter-helical distance in MD simulations of A2aR. Distance between
TM3-TMS5 is measured between Ca atoms of R102%*" and Q207°%, MD simulations are performed in

quadruplicate, with or without bound adenosine (ADN) in DOPC or DOPG homogeneous membranes.

S10 Fig. Alternative binding pose of adenosine in A2aR in DOPC membrane. A) Superposition of the
intermediate crystal structure of A2aR (PDB entry: 2YDO, light green) and an MD-generated conformation
achieved within a DOPC membrane bound to adenosine (in blue, belonging to replica #1 at 1.9 ps) showing
B) and C) ligand atoms as spheres and selected residues making protein-ligand interactions as sticks.
Intracellular loop (ICL) 3, extracellular loop (ECL) 2, and transmembrane (TM) helices 1-3 and 5-7 are
labelled.
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S11 Fig. Assessment of key protein-ligand interactions in MD simulations of adenosine-bound A2aR

embedded in DOPC membrane. A) Left: distance of F*3? with respect to ribose moiety of adenosine

(ADN). Right: frequency (%) of protein-ligand m-r stacking (within range of 0.0 to 4.0 A) over 2 us. B)
Evaluation of protein-ligand H-bond distances formed by residues: N253%%, E169%%%%, H27874%, §27774* (N-

--0 or O---0). C) Mean protein-ligand interactions (%) and protein-ligand H-bond occupancies per replica

(%) for selected residues.
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S12 Fig. MD simulation data of adenosine A2a receptor (A2aR) with or without bound adenosine

(ADN) starting from the inactive receptor crystal structure (PDB id: 4EIY) in a POPC membrane. Top

row: RMSD and conformational fluctuation (RMSF) of bound adenosine ligand; second row: TM3-TM7 and

ionic lock (TM3-TM6) inter-helical distances; third row: RMSD of whole TMD (TMs 1-7) or only TM6;
fourth row: RMSD compared to active crystal structure (PDB id: 6GDG) of whole TMD (TMs 1-7) or only
TM6: fifth row: ¥1 dihedral angle of W246°* on TM6 starting from gauche(-) crystal position (285°), and

vertical movement of extracellular loop 2 (ECL2); bottom row: vertical movement of TM3 and RMSD of

ECL2. MD simulations are performed in duplicate in POPC homogeneous membranes.
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S13 Fig. Protein-lipid interaction between closest DOPG molecule and residue H230% in MD
simulations of A2aR with or without bound adenosine. A) Residues H230%*> and K233%*% on TM6 of
A2aR in apo state (orange) and B) A2aR with bound adenosine (green) interacting with DOPG lipid (gold).
Histidine-lipid interaction distances over time in four replicas of A2aR in DOPG membrane in C) apo state

and D) adenosine-bound (ADN), respectively.
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S14 Fig. Intermediate conformation of the apo state of A2aR in a DOPG membrane. A) Comparison of
the intermediate crystal structure of A2aR (PDB entry: 2YDO, light green) and an MD-generated apo
conformation achieved within a DOPG membrane (in red, belonging to replica #2 at 1.6 us) showing B) and
C) selected residues delineating the orthosteric pocket. Intracellular loop (ICL) 3, extracellular loop (ECL) 2,

and transmembrane (TM) helices 1-3, 5-7 are labelled
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S15 Fig. Assessment of key protein-ligand

interactions in MD simulations of adenosine-bound A2aR

embedded in DOPG membrane. A) Left: distance of F**? with respect to ribose moiety of adenosine

(ADN). Right: frequency (%) of protein-ligand - stacking (within range of 0.0 to 4.0 A) over 2 us. B)
Evaluation of protein-ligand H-bond distances formed by residues: N253%%, E169*, H2787+ §27774 (N-

--0 or O---0). C) Mean protein-ligand interactions (%) and protein-ligand H-bond occupancies per replica

(%) for selected residues.
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S16 Fig. State-dependent water-mediated polar network across the ZM241385-bound and adenosine-
bound A2aR crystal structures. The water network retrieved from: A) the inactive crystal structure (PDB
entry: 4EIY, pink) and B) the intermediate crystal structure (PDB entry: 2YDO, light green). Residues and

ligands are shown as sticks and water molecules are shown as red spheres.

4 o g

ICL3

T™M6 /‘ 4
S$17 Fig. Alternative active-like conformational state of A2aR generated in an MD simulation with
bound adenosine in a DOPG membrane. A) Comparison of an MD-generated conformation of A2aR
bound to adenosine within a DOPG membrane (in green, belonging to replica #4 at 1.8 ps) with the active
crystal structure of A2aR (brown, PDB entry: 6GDG) showing B) and C) ligand atoms as spheres and
residues making protein-ligand interactions as sticks. Intracellular loop (ICL) 3, extracellular loop (ECL) 2,
and transmembrane (TM) helices 1-3, 5-7 are labelled.
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S18 Fig. Comparison of two active-like receptor conformations generated in MD simulations of A2aR
with bound adenosine in a DOPG membrane. A) Comparison of an MD-generated conformation of A2aR
bound to adenosine within DOPG belonging to replica #2 (at 1.6 ps, green) with respect to replica #4 (at 1.8
ps, olive green) showing B) and C) ligand atoms as spheres and residues making protein-ligand interactions
as sticks. Intracellular loop (ICL) 3, extracellular loop (ECL) 2, and transmembrane (TM) helices 1-3, 5-7

are labelled.
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S§19 Fig. MD simulation data of adenosine A2a receptor (A2aR) with bound NECA starting from the
inactive receptor crystal structure (PDB id: 4EIY) in a DOPC membrane. Top row: RMSD and

conformational fluctuation (RMSF) of bound NECA ligand; second row: TM3-TM7 and ionic lock (TM3-

TM6) inter-helical distances: third row: RMSD of whole TMD (TMs 1-7) or only TM6: fourth row: RMSD
compared to active crystal structure (PDB id: 6GDG) of whole TMD (TMs 1-7) or only TM6; fifth row: x|

dihedral angle of W246%" on TM6 starting from gawche(-) crystal position (285°), and vertical movement of
extracellular loop 2 (ECL2): bottom row: vertical movement of TM3 and RMSD of ECL2. MD simulations

are performed in quadruplicate in DOPC homogeneous membranes.
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S20 Fig. MD simulation data of adenosine A2a receptor (A2aR) with bound NECA starting from the
inactive receptor crystal structure (PDB id: 4EIY) in a DOPG membrane. Top row: RMSD and
conformational fluctuation (RMSF) of bound NECA ligand; second row: TM3-TM7 and ionic lock (TM3-
TM6) inter-helical distances; third row: RMSD of whole TMD (TMs 1-7) or only TM6; fourth row: RMSD
compared to active crystal structure (PDB id: 6GDG) of whole TMD (TMs 1-7) or only TM6; fifth row: 1
dihedral angle of W246%* on TM6 starting from gauche(-) crystal position (285°), and vertical movement of
extracellular loop 2 (ECL2); bottom row: vertical movement of TM3 and RMSD of ECL2. MD simulations

are performed in quadruplicate in DOPG homogencous membranes.
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8§21 Fig. Assessment of key protein-ligand interactions in MD simulations of NECA-bound A2aR
embedded in DOPC membrane. A) Left: distance of F** with respect to ribose moiety of NECA. Right:
frequency (%) of protein-ligand m-n stacking (within range of 0.0 to 4.0 A) over 2 ps. B) Evaluation of
protein-ligand H-bond distances formed by residues: N253%% E169*%* H2787# §27774 (N---O or O---0).
C) Mean protein-ligand interactions (%) and protein-ligand H-bond occupancies per replica (%) for selected

residues.
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822 Fig. Assessment of key protein-ligand interactions in MD simulations of NECA-bound A2aR
embedded in DOPG membrane. A) Left: Distance of F**2 with respect to ribose moiety of NECA. Right:
frequency (%) of protein-ligand m-r stacking (within range of 0.0 to 4.0 A) interaction over 2 ps. B)
Evaluation of protein-ligand H-bond distances formed by residues: N253%%, E169%%, H2787, S2777# (N-
--0 or 0---0). C) Mean protein-ligand interactions (%) and protein-ligand H-bond occupancies per replica

(%) for selected residues.
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S23 Fig. Protein-lipid allosteric interaction with the ionic-lock in MD simulations of NECA-bound
A2aR in DOPG membrane. A) Electrostatic interaction between ionic-lock residue R102*% of A2aR
(green) from an intracellular viewpoint and a DOPG lipid, which intrudes between TM6 and TM7 (snapshot
belonging to replica #1 at 1.7 ps). B) Protein-lipid interaction distance over time between R102°% sidechain

and lipid phosphate group in four replicas of NECA-bound A2aR in DOPG membrane.
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524 Fig. Frequency distribution of receptor conformations formed during different MD simulations
with and without bound adenosine in two different membranes (DOPC or DOPG) according to two
different inter-helical distances. A) Population of receptor conformations according to distance between
residues R**" and Y77 (TM3-TM7), and (B) between ionic lock residues R*™ and E**" (TM3-TM#6). Vertical
black lines indicate values of inactive (PDB entry: 4EIY), intermediate (PDB entry: 2YDO) and active (PDB
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825 Fig. Frequency distribution of receptor conformations (according to two inter-helical distances)
formed during MD simulations with bound NECA in two different membranes (DOPC or DOPG) or

with/without bound adenosine in a POPC membrane. First and second rows: population of receptor

conformations according to distance between **" and ¥"5* (TM3-TM7); third and fourth rows: according to

distance between ionic lock residues ®*¢ and E®*® (TM3-TMS6). Vertical black lines indicate values of
inactive (PDB entry: 4EIY), intermediate (PDB entry: 2YDO) and active (PDB entry: 6GDG) crystal

structures.
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S26 Fig. Boxplots of receptor characteristics from MD simulations of adenosine A2a receptor (A2aR)

in apo or with bound adenosine (ADN) or NECA in three different membranes. Top row: inter-helical

distances between: residues R**" and Y73 (TM3-TM7), and ionic lock residues R*** and E®* (TM3-TM6);

bottom row: vertical movements of extracellular loop 2 (ECL2) and TM3, respectively. MD simulations in

DOPG or DOPC were performed in quadruplicate. MD simulations in POPC were performed in duplicate.
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S1 Table. Adenosine A2a receptor crystal structures.

PDB Conformation | Ligand Ligand name
JEML inactive inverse agonist ZM241385
3PWH | inactive inverse agonist | ZM241385
JREY inactive antagonist XAC

3RFM | inactive antagonist Caffeine

4ELY inactive inverse agonist | ZM241385
IUZA inactive antagonist Compound 4g
JUZC inactive antagonist Compound 4e
3VGY inactive inverse agonist | ZM241385
IVGA | inactive inverse agonist ZM241385
5104 inactive inverse agonist | ZM241385
SIU7 inactive antagonist Compound 12¢
5IUS inactive antagonist Compound 12f
S5IUA inactive antagonist Compound 12b
SIUB inactive antagonist Compound 12x
SK2A inactive antagonist ZM241385
5K2B inactive inverse agonist | ZM241385
SK2C inactive inverse agonist ZM241385
SK2D inactive inverse agonist | ZM241385
5JTB inactive inverse agonist | ZM241385
SUVI inactive inverse agonist ZM241385
SMZP inactive antagonist Caffeine
SMZI inactive antagonist Theophylline
SN2R inactive antagonist PSB36

SNLX inactive inverse agonist | ZM241385
SNM2 inactive inverse agonist ZM241385
SNM4 inactive inverse agonist ZM241385
SUVI inactive inverse agonist | ZM241385
SVRA inactive inverse agonist ZM241385
S0LG | inactive inverse agonist | ZM241383
S0OLH inactive antagonist Vipadenant
50LO inactive antagonist Tozadenant
SOLV inactive anlagonist LUAA47070
SOLZ inactive antagonist Compound de
SOMI1 inactive antagonist Compound 4e
SOM4  |inactive antagonist Compound 4e
SUIG inactive antagonist J3.651.884G
6AQF inactive inverse agonist | ZM241385
3QAK | intermediate agonist UK-432097
2¥YDO | intermediate agonist Adenosine (ADN)
2¥YDV | intermediate agonist NECA

4UG2 intermediate agonist CGS21680
4UHR | intermediate agonist CGS21680
SWF3 intermediaie agonisi UK-432097
SWF6 intermediate agonist UK-432097
5G33 active agonist NECA

6GDG | active agonist NECA

-
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S2 Table. Comparison of A2aR crystal structure distances. Comparison of TM3-TM6, TM3-TM35 and
TM3-TM7 inter-helical distances in active, intermediate and inactive crystal states,

Distances (A)

TM3-TM5
(R102*%- Q2075%)

TM3-TM6
(R102°%- E2285%)

TM3-TM7
(R102°#-Y2887%)

Inactive Crystal

(PDB entry: 4EIY) 14.9 8.2 16.1

Intermediate Crystal

(PDB entry: 2YDO) 17.6 9.9 1.6
Active Crystal 15.7 196 "

(PDB entry: 6GDG)
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53 Table, Evaluation of Gas protein docking. Comparison of best docking quality of Guo, protein into
inactive, intermediate and active crystals structures, and different MD-generated conformations of A2aR
achieved under different conditions and performed in quadruplicate.

Ga, docking RMSD of dm:lne_d Gu, alpha-5 _
Condition interface . helix Time
score (I_sc) from acnv.c crystal structure (ps)
(PDB id: 6GDG) (A)

Active crystal

(PDB id: %DG) 79 0.8 )

Intermediate
crystal -5.7 6.3 -

(PDB id: 2YD0O)

Inactive crystal

(PDB id: 4%1\*} 3.7 8.5 )
apo + dopc #1 4.0 7.8 1.8
apo + dopc #2 -33 7.2 1.1
apo + dope #3 3.6 7.8 1.5
apo + dope #4 -33 7.3 1.2
adn + dopce #1 -4.5 6.8 1.7
adn + dopc #2 -53 6.4 1.2
adn + dopc #3 48 5.8 1.6
adn + dopce #4 -58 5.8 1.3
apo + dopg #l -6.1 49 1.6
apo + dopg #2 4.4 6.8 14
apo + dopg #3 -35 8.3 1.1
apo + dopg #4 -4.3 6.2 1.8
adn + dopg #1 -5.5 in 1.8
adn + dopg #2 77 0.8 1.6
adn + dopg #3 -4.5 34 1.4
adn + dopg #4 -8.4 23 1.8
neca + dope #1 -49 6.4 1.4
neca + dopc #2 -4.1 6.3 1.2
neca + dopc #3 -5.0 5.1 1.5
neca + dope #4 4.5 74 1.6
neca + dopg #1 =72 1.3 1.9
neca + dopg #2 -6.4 24 1.8
neca + dopg #3 7.7 1.1 1.6
neca + dopg #4 4.3 53 1.3
apo + pope #1 -3.2 7.8 1.5
apo + pope #2 -3.5 7.3 1.7
adn + pope #1 42 5.5 1.7
adn + pope #2 4.8 6.6 1.5
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