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THE BIGGER PICTURE G protein-coupled receptors (GPCRs) are membrane proteins targeted by over one-
third of marketed drugs. Once activated, GPCRs undergo large conformational changes to interact with
various intracellular effector proteins. Understanding their activation mechanism is crucial for developing
precise and effective drugs. Our study reveals the conformational landscape of the adenosine A,x receptor
(A2aR) activation mechanism in its basal apo form and under different ligand-bound conditions using
advanced calculations. We characterized the ligands’ intrinsic activity and the receptor’s lowest-energy
functional states, identifying a pseudo-active state (pAs). This state enables A>AR to couple with Gs protein,
offering a structural basis for understanding receptor function and signaling. Our versatile simulation method
is applicable to any GPCR, potentially enabling breakthroughs in drug discovery by identifying new targets
for tailored modulation of drug pharmacology.

SUMMARY

G protein-coupled receptors (GPCRs) are membrane proteins targeted by over one-third of marketed drugs.
Understanding their activation mechanism is essential for precise regulation of drug pharmacological
response. In this work, we elucidate the conformational landscape of the adenosine A, receptor (A>4R) acti-
vation mechanism in its basal apo form and under different ligand-bound conditions through minute-time-
scale free-energy calculations. We identified a pseudo-active state (pAs) of the A,aR apo form, stabilized
by specific “microswitch” residues, including a salt bridge established between the conserved residues
R5¢ and E®®°. The pAs enables A,sR to couple with Gs protein upon rearrangement of the intracellular
end of transmembrane helix 6, providing unprecedented structural insights into receptor function and
signaling dynamics. Our simulation protocol is versatile and can be adapted to study the activation of any

GPCRs, potentially making it a valuable tool for drug design and “biased signaling” studies.

INTRODUCTION

G protein-coupled receptors (GPCRs) are prominent pharmaco-
logical targets, representing 4% of the protein-coding genome
and being targeted by almost 34% of the currently marketed
drugs.'? In response to extracellular stimuli like hormones, neu-
rotransmitters, and odorants, GPCRs regulate a plethora of bio-
logical functions, including vision, inflammation, and sensory
perception.’ They show a conserved structural architecture ar-
ranged in seven transmembrane helices (TMs), connected
through three extracellular and three intracellular loops (ECLs
and ICLs, respectively).® The GPCR barrel-like tertiary structure
can be depicted in three main sections (Figure 1): (1) the orthos-

teric ligand binding site (OBS) at the extracellular region, (2) the
connector, and (3) the intracellular binding site (IBS) where bind-
ing of effector proteins (aka transducers) occurs.? The operating
system is a ternary complex where the GPCR is bound to a
ligand and at the same time to a transducer that triggers the
signal cascade inside the cell.’ The GPCRs are endowed with
intrinsic functional dynamics, and upon agonist binding, the
receptor undergoes large-scale conformational changes pass-
ing from the inactive to the active state. For instance, in
rhodopsin-family class A GPCRs, the two terminal states—i.e.,
active and inactive—differ in an outward/inward motion of the
intracellular part of TM6 (~12-14 A), accompanied by a rotation
of the same helix around its axis (~40°-50°) and slight shifts of
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Figure 1. Main conformational changes
occurring during class A GPCR activation

Active and inactive conformations of the A;aR are
shown as cyan and silver cartoon, respectively. The
four fundamental class A microswitches are high-
lighted as insets: the PIF motif (connector region, A),
the W88 rotameric state toggle switch (OBS/
connector region, B), the TM6-TM3 inactivating
ionic lock (IIL; IBS region, C), and the NPxxY inward/
outward shift (IBS region, D). In some experimental
inactive structures of AxaR, the TM6-TM3 ionic lock
(L) is broken, suggesting the existence of two
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the rational design of “biased” ligands is
hampered by the lack of structural infor-
mation on all the functional conformations
assumed by the GPCRs along their activa-
tion process. In fact, although the so-
called “resolution revolution”®® in struc-
tural biology is constantly advancing the
molecular understanding of the GPCRs
fundamental states, other important as-
pects of their functional mechanism

the intracellular end of TM5 and TM7 (Figure 1).°~'" In doing so,
the GPCR IBS opens up, promoting the interaction with the
transducer. On the other hand, minor differences are found
with respect to the OBS by comparing active and inactive struc-
tures (in the range of 1.5-2 A for backbone atoms).'?'® Nonethe-
less, the receptor (de)activation appears to be regulated by fine-
grained allosteric communication between the two regions.
Indeed, the binding of an agonist to the OBS promotes the
recruitment of an intracellular transducer at the IBS; at the
same time, the binary transducer-GPCR complex has higher af-
finity for agonist than the sole receptor.’*~'® In addition, GPCRs
can trigger a wide range of cellular pathways'*'"~'® by coupling
with diverse effector proteins such as G proteins,'”"' GPCR ki-
nases (GRKs),?° proto-oncogene c-Src,?! and arrestins.?>?° In
this scenario, a ligand might induce specific receptor conforma-
tions competent for binding to a certain effector, thus selectively
activating downstream cell signaling.>*2° This phenomenon,
known as “biased signaling,”*>® brought to the fore new impor-
tant implications for the pharmaceutical and clinical application
of GPCR-targeting drugs.?*?"**° For instance, developing mole-
cules capable of selectively activating or inhibiting a specific
signaling cascade can yield a more targeted modulation of cell
function with consequently reduced adverse effects,®'*? as
recently reported for antidepressant drugs targeting the seroto-
nin 5-HT,a receptor®® and analgesics targeting adenosine A;**
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remain elusive, including the activation dy-
namics and the possible presence of re-
ceptor metastable, intermediate states. Atomistic simulations
based on molecular dynamics (MD) techniques have demon-
strated ability in detecting dynamic properties of the receptor,
including the interaction with ligands and effectors,'-353755
Particularly, enhanced sampling techniques like metadynamics
(MetaD) or alternative methodologies like Gaussian accelerated
MD have been used to study the allosteric ligand effects on
GPCR conformational dynamics®® as well as the protein-protein
binding interaction during GPCR dimerization and between the
adenosine receptors and G proteins.®’>°
In the present work, we elucidate the activation mechanism of
the adenosine Asa receptor (AsaR), a class A GPCR, providing
structural and energetic information on all the functional confor-
mations assumed by the receptor in different ligated conditions.
In particular, we performed extensive MD simulations and
enhanced sampling calculations that allowed disclosing the
free-energy landscapes of the (de)activation process of AxaR
(1) in the apo form; (2) in complex with the full agonist
(2S,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-N-ethyl-3,4-dihydrox-
yoxolane-2-carboxamide (NECA); and (3) in complex with the
compound 4-(2-{[7-Amino-2-(2-furyl)[1,2,4]triazolo[1,5-a][1,3,5]
triazin-5-yllamino}ethyl)phenol (ZM241385, also known as
“ZMA” or “ZM”), whose intrinsic activity (neutral antagonist vs.
inverse agonist) is still debated."®%%%% |n each system, we
have identified at atomistic resolution the lowest energy—hence
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most probable—states assumed by A,aR, rationalizing the
diverse pharmacological activity of the investigated ligands by
elucidating how they affect the receptor activation free-energy
landscape. In particular, the binding of ZMA locks the receptor
in the inactive state, whereas the agonist NECA predisposes
AoaR for the active conformation competent for G protein bind-
ing, with the definitive activation of the receptor—and stabiliza-
tion of the active form—occurring only after the G protein
coupling. Importantly, we disclose two structures of A;aR in
the apo form that were not previously resolved and connect
them to the nuclear magnetic resonance (NMR) and fluores-
cence data reported for this receptor.”"'%6%5¢ One is similar
to the inactive state experimentally found in the presence of in-
verse agonist ligands. The other one corresponds to a novel re-
ceptor conformation that we named the “pseudo-active state”
(PAs). This structure is characterized by a distinctive arrange-
ment of the connector region and in particular TM6, with a
state-specific orientation of the “activation microswitches”
amino acids, such as W%*® (Ballesteros-Weinstein numbering
used)®” (“toggle switch”), the E®3/DRY34%®'  the
P5-5913,49F8-44 " and the NPxxY749®® motifs (Figure 1).5'68770
Among these, the class A conserved residue E®2° plays a lead-
ing role during A>aR dynamics, determining the TM6 rotation
necessary for receptor activation. In particular, E®3° works as
the key “activation” switch by interacting with R>%° in the A xR
inactive state—forming the characteristic “inactivating ionic
lock” (lIL) found in many GPCRs®®®° _whereas in the active
state, it engages a salt bridge with R%%®. The phylogenetic con-
servation of R%>%® and E®° in class A GPCRs prompted us to
refer to the E®3%/R%6 interaction as the receptor “activating
ionic lock” (AIL). Interestingly, in the newly identified pAs, AxaR
is able to couple with the Gs protein upon minor rearrangement
at the TM6 intracellular end, as well as with B-arrestin 1, enlight-
ening novel possible routes for receptor signaling studies.

Our simulation protocol is generalizable and can be applied to
study the activation of any GPCRs, resulting in a valuable tool for
biased signaling studies. An explanatory movie of the A;aR acti-
vation mechanism is available as Video S1 and at https://youtu.
be/TbXi3KjlWFo.

The Protein Data Bank (PDB) structure of the A;aR pAs is re-
ported in the supplemental information and at www.pdbdb.
com, providing an unprecedented structural basis for the
design of A>aR ligands with therapeutic potential for cancer, in-
flammatory, cardiovascular, and Parkinson’s and Alzheimer’s
diseases.”'"®

RESULTS

Effect of ligand binding and G protein recruitment on
AsAR conformational dynamics

The AR can assume a large number of conformations ranging
from the active state,””"”® bound to agonist and G protein, to the
inactive state, typically bound by antagonist or stabilized by in-
verse agonist binding.*"? In order to investigate how the diverse
ligands and G protein influences the receptor dynamics, we first
performed a series of extensive all-atom MD simulations on
differently ligated forms of A,aR. In particular, starting from
the experimental structures of the active and inactive
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AoaR,”7® we prepared eight distinct simulation systems in
which the GPCR is coupled with pharmacologically diverse li-
gands—the agonist NECA and the inverse agonist ZMA—and
the mini-Gs protein heterotrimer in all possible combinations (Ta-
ble 1). The A;aAR was embedded in a mixed 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC)-cholesterol (7:3 ratio) mem-
brane environment, and each system was simulated in explicit
solvent for 5 ps, resulting in a total simulation time of ~40 ps.

Our simulations allowed for elucidating the stabilizing effect of
orthosteric ligands and G protein on their binding sites, the OBS
and the IBS, respectively. In the OBS, higher root-mean-square
deviation (RMSD) fluctuations (calculated for the Ca. atoms) are
generally observed for the apo systems (1.4 + 0.2 A 12+
0.3 /&, and 1.4 = 0.2 A for “FApo,” “FApoG,” and “INapo,”
respectively) compared with the holo ones (0.9 + 0.1 A 09+
0.1 A, and 1.1 +0.2 Afor “FAN,” “FANG,” and “INzma,” respec-
tively) (Figure S1). This phenomenon can be ascribed to the
drug-protein interactions engaged by NECA and ZMA, which
stabilize the OBS side-chain conformations and consequently
reduce the backbone fluctuation. Only the holo Gs-uncoupled
systems “INeca” and “ACzma” exhibit relatively high RMSD
values of the OBS (1.4 + 0.2 Aand 1.4 £ 0.2 A, respectively).
This can be attributed to induced fit effects of NECA and ZMA
on the inactive and active form of A;aR, respectively, which are
not the receptor’s natural conformations for these ligands. In
fact, no experimental structures of inactive A,aR bound with
the agonist NECA or active ApaR bound with the inverse agonist
ZMA have been reported. Consequently, the initial states for the
INeca and ACzma simulations were generated by manually
docking the two compounds into the inactive and active exper-
imental structures of A;aR, respectively (see Experimental pro-
cedures for details). These simulations are designed to investi-
gate the effect of the ligands on the receptor conformational
dynamics and whether NECA and ZMA could induce transitions
toward the active and inactive states, respectively, in the
absence of G protein.

Similarly to the ligands at the OBS, Gs stabilizes the IBS. In
fact, the mini-Gs heterotrimer engages strong and specific inter-
actions with IBS residues, locking AsaR in its active state, as
shown by the RMSD comparison (Figure S2) between the two
coupled systems (1.7 + 0.4 A and 1.7 + 0.4 A for FANG and
FApoG, respectively) and the corresponding uncoupled ones
(1.9+0.5 Aand 3.1 = 0.8 A for FAN and FApo, respectively).

Interestingly, allosteric communications between the OBS and
the IBS have been found looking at the motion of the intracellular
receptor region in the holo Gs-uncoupled systems (1.9 + 0.5 A
and 1.8 + 0.2 A for FAN and INzma, respectively). In fact, in
such cases, the RMSD of the IBS is lower in terms of both values
and fluctuations, compared with that of the two apo Gs-un-
coupled trajectories (3.1 + 0.8 Aand 2.2 + 0.4 A for FApo and
INapo, respectively). This result suggests that the A,aR’s intra-
cellular portion can be stabilized by the binding of a specific
ligand to the OBS, in addition to the stability given by the binding
of transducers at the IBS. In this perspective, we investigated the
presence of correlated A,aR inter-helical motions in the different
simulated systems by computing a Pearson coefficient (PC) ma-
trix (Figures 2A and S3). Interestingly, this analysis confirmed
that the overall receptor dynamics is strongly reduced when
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Table 1. Summary of the simulated systems

Code name Starting conformation Ligand G protein coupling
FANG active NECA (agonist) yes
FApoG active none (apo form) yes

i FAN active NECA (agonist) no

i FApo active none (apo form) no

i ACzma active ZMA (inverse agonist) no

i INeca inactive NECA (agonist) no

i INapo inactive none (apo form) no

ii INzma inactive ZMA (inverse agonist) no

H
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Figure 2. Active to pseudo-active transition

(A) Pearson coefficient matrices computed for the protein Ca atoms over the seven simulated systems.

(B) RMSD plots computed with respect to the inactive A,oR conformation for the entire protein and for both the TM3 and TM6 helices (Ca. atoms) over the FApo
trajectory. The tri-dimensional structures of the starting full active conformation and of the newly identified pseudo-active state (pAs) are shown as cyan and coral

cartoon, respectively. The most relevant protein structure network (PSN) metapath of the transition observed in the FApo trajectory is displayed onto the active-
state (left) and the pAs (right) structures as yellow links.
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either the orthosteric ligand or G protein—or both—are bound to
the GPCR. Indeed, looking at the PC maps (Figures 2A and S3)
few spots at positive (blue spots, PC > 0.5) or negative (red
spots, PC < 0.5) correlation values are found in all the holo/
coupled systems, whereas significant inter-helical communica-
tion areas were observed in the apo-uncoupled systems INapo
and FApo. Particularly, among all the simulated systems, FApo
shows the largest conformational changes with a tight coupling
(Figures 2A and S3) between the fluctuations of TM6 and the
intracellular parts of TM1-TM2 and TM3-TM4, which in turn are
mutually anti-correlated. These data indicate a rearrangement
of the receptor, especially at intracellular level, in line with the
RMSD values computed for the IBS (Figure S2), the receptor’s
TMs, and the connector region (Figures S4 and S5, respectively).

Indeed, within ~1.6 ps, the FApo A>aR undergoes a major
conformational rearrangement of TM3 and TM6, leaving its start-
ing active state and reaching a conformation intermediate be-
tween the active and inactive states (Figure 2B). Such large-scale
motion is characterized by two main events (see Video S1). In the
first one, the two helices move in opposite directions along the
axis perpendicular to the membrane plane (z), with TM3 shifting
downward (intracellularly) and TM6 upward (extracellularly) by
~3 A. In the second one, the intracellular segment of TM6 ap-
proaches the center of the TM bundle, assuming a state-specific
tilted conformation (Figure 2). This represents the final state of the
receptor that is stable for the rest of the simulation time, longer
than 3.4 us (Figure S6). The newly identified AR state, i.e. the
pAs, has never been characterized before, and its remarkable
structural and energetic stability prompted us to deeply analyze
this receptor conformation in the following section. The PDB
structure of the AsaR pAs is reported in the supplemental informa-
tion and at www.pdbdb.com, whereas an explanatory movie of
the A,aR activation mechanism is available as Video S1 and at
https://youtu.be/TbXi3K|jIWFo.

Structure of A>AR pAs

The tri-dimensional structure of the newly identified AsaR pAs,
corresponding to the most sampled receptor conformation in
the pAs state, is rather different from the reported inactive
(ZMA-bound, PDB: 3PWH?) and active (NECA and G pro-
tein-bound, PDB: 5G53"") states of A,aR, with RMSD values
computed for the backbone Co. atoms of 2.52 A vs. 3.28 A,
respectively. A closer inspection of the structure reveals the
key residues that stabilize this receptor conformation as tran-
sition intermediate between the active and inactive forms.
Such residues were identified by analyzing the A,aR confor-
mations collected during the FApo MD simulation through a
protein structure network (PSN) model that is able to assess
time-related residue-residue interactions (Figures 2B and S3
and Experimental procedures for details). Special attention
was dedicated to the analysis of residues known as activation
microswitches in class A GPCRs.**"®%7% For the sake of
clarity, the following discussion is organized treating sepa-
rately the three main structural components of GPCRs: the
OBS, the connector, and the IBS regions.

Orthosteric Binding Site (OBS)

In this region, the pAs is more similar to the inactive conformation
than the active one. Proof of that is the lower RMSD values
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computed for the OBS residues in the pAs with respect to those
of the inactive and the active states, 0.9 and 1.2 A, respectively.
This evidence is further confirmed by analyzing the conforma-
tions of the OBS residues known to be involved in receptor acti-
vation, such as V84332, T88%-36, 5277742 and W246°48,77-78:81-83
In fact, such amino acids occupy a position very similar to that
observed in the inactive receptor (Figure 3A"), while major differ-
ences occur with respect to the active conformation (Figure 3A).
In more detail, the side chains of T88%¢ and S2777-*? in the pAs
are oriented outward in relation to the binding site, if compared
with their position in the experimental active AyaR structures
(Figure 3A). In fact, in the latter structures, these two residues
engage in polar interactions with the agonists’ ribose ring, which
are instead missing when the receptor is either in its apo form or
bound to antagonists/inverse agonists.””"%8784 Also, the rota-
meric state of V84332 and W2465%“® (toggle switch) is more
similar to the inactive conformation than the active one in which
the agonist’s ribose ring shifts V84332 and W24658 toward an
outward conformation and a downward conformation, respec-
tively (Figures 3A and 3B).

Connector region

At variance with the OBS, the conformation assumed by the pAs
connector region is state specific, dissimilar from both the active
and the inactive states—RMSD values of 2.3 and 2.4 A, respec-
tively—and is characterized by a distinctive orientation of the
p5-50|3-40F844 motif. Comparing the pAs to the active AjaR,
TMB6 shows an upward movement along the z axis and a counter-
clockwise rotation, which orient the F24284 side chain outward
with respect to the active and inactive structures (Figures 3B and
3B'). On the other hand, TM3 is shifted downward, with 19234°
assuming its inactive state position (Figure 3B’). This is an un-
precedented finding in the context of the A sR (de)activation
mechanism. In fact, in all the structural studies reported so far,
TM6 was found to move inward and rotate clockwise when pass-
ing from the active to the inactive AypR.*"""8828% |nstead, in the
pAs, TM6 moves in the opposite direction and is rotated counter-
clockwise to facilitate the vertical motion of TM3 and the onset of
the deactivation process.

Intracellular Binding Site (IBS)

In the pAs, TM6 is closer to the active state and further from the
inactive state, compared with the experimental intermediate-
active state (PDB: 2YDO) (Figure S7). The intracellular portion of
the receptor is also characterized by a bending of TM6. Specif-
ically, the cytoplasmic end of TM6 is bent toward the center of
the TM bundle (Figures 2 and 3C’), reducing the volume of the
IBS to values comparable to that of the inactive A,aR X-ray struc-
ture (Figure S8). However, two major differences arise by
comparing the pAs and the inactive-state IBSs. First, the mid-
dle-lower portion of TM6 (residues 22953'-237539) is slightly
shifted outward (Figure 3C’). This might be due to the steric hin-
drance of the NPxxY”4%%% motif at TM7 in the pAs. In fact, such
a motif assumes a position very similar to that of the active AoaR
(Figure 3D; Table S1), where Y2887 interacts with Y197°°8 on
TMS through a direct or water-mediated H-bond, which is known
to stabilize the receptor’s active state.”” The second relevant
feature is that TM6 is rotated about 40°-50° counterclockwise
with respect to the inactive state (Figure 3C’). This conformation
is stabilized by salt bridge interaction between R205°% of TM5
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GPCRs (37% and 35%, respectively; Fig-
ure 4C), prompting us to propose the
E2285-30-R205%%% salt bridge as the AlL,
alter ego of the IIL, whose loss facilitates
the clockwise rotation of TM6 and in turn
the deactivation process. Notably, a similar
interaction was found in the active state
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~ |\ pedo we then conducted MD simulations on the
r‘\TM3 s \ complete AsaR, A¢R, and AsR structures
pss0 % - /]|3 40 »v embedded in the POPC/CHL (7:3) bilayer.
340 q \‘\‘. For AoaR, we performed two independent
‘f % F“) simulations using the experimental struc-
tures with PDBs: 5G53’" and 6GDG’® as
j ﬁ starting states. As shown in Figure S10, in

L F““ 5.66 6.30
~TM5 TM6 all systems, R”>"° on TM5 and E”°* on TM6

and E228%3C of TM6 (Figure 4A). Recently, Wang et al. have high-
lighted the role of cation-7 interactions involving R2917-%¢ and
R293848 with H230%32 during receptor activation.” Our MD simu-
lations confirm these interactions in the inactive state, aligning
with findings by Wang et al. (Figure S9). In the active state, both
cation-m interactions are weakened or lost, whereas in the pAs,
R2917-%6 and R293%“8 are slightly closer to H230°%2, compared
with the active state, suggesting an intermediate conformation.
The results of our simulations show that the salt bridge interac-
tion between R205°%%6 and E2285C is very stable in all the AoaR
structures with TM6 in an active-like rotameric state (frequency
of occurrence > 95%; Figure 4B), whereas it is lost in all the
AxaR inactive conformations (Figure 4B). In the latter, E228%3°
is oriented toward the inner part of the IBS and interacts

rapidly interact to form a stable salt bridge
that persists throughout the simulation.
These findings underscore the importance of the TM5-TM6 salt
bridge in stabilizing the active state of A;aR and other GPCRs.
The role of the new pAs, along with the transitioning of AxaR
from the active to the inactive state, was further investigated
by analyzing the MD simulations of the apo G protein-uncoupled
AxaR systems. Our results show that within the MD microsecond
timescale, the pAs can be reached from the active state (FApo
system) but not from the inactive one (INapo system), which is
instead stable throughout the simulation (Figure S4). Further-
more, the pAs is a very stable, long-lasting state with a residence
time longer than 3 us (Figure S6). This finding indicates that the
pAs is a metastable, intermediate conformation between the
active and inactive ones, which are separated by a relatively
large energy barrier that is unlikely to be crossed within a
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(C) LOGOs analysis of residues 5.47-5.71 of TM5. The conservation percentages for basic amino acids at position 5.66 in the four investigated subsets
(adenosine, aminergic, lipidic, and the entire class A) of class A GPCRs are, respectively, 75%, 68%, 38%, and 37%.
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microsecond (simulation) timescale. In order to observe the tran-
sition between the active and inactive states, it is necessary to
accelerate the sampling and overcome the timescale limitation
of standard MD simulations. This is possible by employing
enhanced sampling calculations based on well-tempered MetaD
(WT-MetaD)°*°" combined with path collective variables (PCVs)
(see Experimental procedures for details).*” Particularly, PCVis a
dimensionality reduction approach suitable to describe large-
scale protein motion, taking into account multiple degrees of
freedom of a system for which the terminal states are known,
as in the A,aR case. The process under investigation is thus
accelerated by applying a bias potential along the PCV that is
defined as a path comprising a sequence of intermediate frames
connecting the two terminal systems’ conformations (A>aR
active and inactive states in our case). We note that during the
PCV-WT-MetaD calculations, the receptor can explore confor-
mations even different from the original path, thus making the
results independent from the choice of the original path. PCV-
MetaD calculations have been successfully employed by us
and other groups to study large-scale and long-timescale
conformational changes in different protein systems.®>™° In
the case of AxaR, the path is defined considering the pAs as an
intermediate state between the terminal active and inactive
states and including the residues involved in the conformational
transitions observed during the multi-microsecond MD calcula-
tions (see Experimental procedures for details).

Activation free-energy landscape of As,R

The entire (end-to-end) activation and deactivation process of
AxaR was investigated by means of PCV-MetaD in three different
systems: (1) “apo” AqxaR, (2) “NECA-bound” AsaR, and (3) “ZMA-
bound” AxaR. In all of them, the sampling was enhanced by add-
ing a bias potential on two PCVs, containing all the inter-residue
contacts involved in the conformational receptor transitions
observed in the previously discussed MD calculations (see Fig-
ure S11 and Experimental procedures for the details). In particular,
the first PCV (4c7P) is defined as an RMSD matrix describing the
geometric distance of the backbone atoms involved in the
active-to-inactive receptor transition (see Table S2 and Fig-
ure S11A). The second PCV (1\eP) is instead defined as a contact
map (CMAP) between residues characterizing the rotation of TM6,
clockwise from active to inactive (see Table S3 and Figure S11B).
The three free-energy calculations reached convergence at
different simulation times: 2.4 us for apo AxaR, 3.5 ps for NECA-
bound AspR, and 3.6 ps for ZMA-bound A.aR, for a total of
9.5 us of enhanced sampling simulations (Figures S12-S14).
Considering the acceleration factor computed during the MetaD
calculations, 10°-10"° (see Experimental procedures for detail),
we could reasonably estimate that the observed receptor activa-
tion and deactivation process occurs on a minute timescale. For
each system, at the end of the simulation, we computed the acti-
vation free-energy surface (FES) as a function of two CVs, sc7P.s
and ac7P.z (see Experimental procedures for details). The first
CV (ac7P.s) describes the receptor exploration of the different
states forming the transition path from the active to the inactive
state, whereas the second CV (4c7P.z) defines the distance as
MSD of the sampled conformations from the reference path (Fig-
ure 5A). As previously introduced, using PCV-MetaD, the sys-
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tems can explore conformations even distant from the reference
path that, in such a case, would have high 4c7P.z values. Inter-
estingly, in the three systems, all the low energy minima—hence
most probable receptor states—have low ,c7P.z values
(< 0.05 nm?). This result indicates that the reference path em-
ployed in WT-MetaD calculations well represents the low energy
transition path from active to inactive A>aR, leading to a reliable
description of the receptor (de)activation process.

Comparing the three FESs in Figure 5, it is possible to assess
the effect of ligand binding on the low energy states assumed by
the receptor during its active-to-inactive transition. In detail, the
NECA-bound AgaR is in equilibrium between two energetically
comparable states (free-energy difference between minima is
0.8 + 0.5 kcal/mol). The structure representing the energy mini-
mum A corresponds to the active crystallographic state (RMSD
value is 1.4 A computed for the TM helices with respect to
PDB: 5G53’"), whereas the structure representing the energy
minimum | is very similar to the inactive receptor state (RMSD
value is 1.6 A computed for the TM helices with respect to
PDB: 3PWH?). This finding indicates that upon agonist binding,
(1) the receptor can reach the active conformation competent
for G protein binding, and (2) the inactive form remains the lowest
energy receptor state in the absence of G protein. Similarly to the
NECA-bound system, the apo AgaR has two lowest-energy con-
formations. While the lowest energy minimum is still represented
by the AxaR inactive conformation (state |, RMSD = 1.3 /3\), the
second energy minimum, 2.9 + 0.3 kcal/mol higher than |, is
not the active state, but state P that corresponds to the pAs
structure previously identified by our unbiased MD calculations
(RMSD < 1.2 A). Therefore, the free-energy calculations confirm
the presence of the pAs as metastable intermediate between the
active and inactive forms of apo As;aR. On the other hand, the
presence of ZMA at the OBS shifts the conformational equilib-
rium toward the inactive state. In fact, the ZMA-bound A>AR
has one single low energy minimum (state I), corresponding to
the crystallographic pose of the receptor in complex with ZMA.
Comparing the FESs in Figure 5, one can see that in ZMA-bound
Az4R, the energy minima of both the active and the pAs are lost
in favor of the receptor inactive form. The energetic and struc-
tural stability of all the identified minima was further evaluated
through microsecond-long unbiased MD simulations (A, P,
and |; Figure S15).

In order to investigate in more detail the molecular features
characterizing A>aR activation, we computed the FES as a func-
tion of 4c7P.s and reP.s (Figure S16). As introduced before, the
actP.s CV defines the active-to-inactive receptor transition—
specifically the outward/inward motion of helices TM5-6-7—
while the second CV (r6P.s) describes the around-the-axis rota-
tion of TM6 (clockwise or counterclockwise). Looking at the
FES and the 1D free-energy profile of the apo AR system in
Figure S16, it is worth noting that the energy barrier separating
the minima P and | along the TM6 rotation—tygP.s CV—is
7.4 kcal/mol higher than that along the TM6 translation—actP.s
CV— (14.5 and 7.1 kcal/mol, respectively). A similar result,
albeit to a lesser extent, is also obtained for the barrier separating
the minima A and | in the NECA-bound system (13.2 and
11.5 kcal/mol, respectively). These data indicate that the TM6
rotation represents a slower degree of freedom than the TM6
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Figure 5. Activation free-energy landscape of A;AR

(A) Activation free-energy landscapes of the NECA-bound, apo, and ZMA-bound forms of AoaR as a function of the 4c7P.s and acrP.z collective variables.
Isosurfaces are displayed every 3 kcal/mol.

(B) Atomistic representation of the AR structures corresponding to the main free-energy minima (A, P, I) and equilibria interconnecting the same conformations
along the activation process.

(C) Binding mode of mini Gs (yellow) to the pAs (salmon) upon rearrangement of the TM6 intracellular end.

(D) Binding mode of B-arrestin 1 (green) to the pAs (salmon).
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translation and can be considered the rate-determining step of
the (de)activation process. Three hubs of microswitch residues
rule the receptor motion; they are as follows: (1) the salt bridges
engaged by E228%3° with R205°€ in the active form (AIL) and
with R1023%C in the inactive one (IIL); (2) the van der Waals inter-
actions established by 1235%%7, 1238%%°, and V239%4°, with
L1945%5, 19859, and F20152 in the active state and pAs,
and with L9533, 198%4¢, and 1200%®" in the inactive state; and
(3) the water-bridged interaction between Y197%%® and
Y2887-5% in both the active state and pAs. The loss of the latter
allows for the outward motion of the NPxxY”4°®® motif charac-
terizing the receptor deactivation.

Distribution of states in apo A,.R

Looking at the FES of apo AaR calculated as a function of the
acTP-s and ryeP.s CVs (Figure 6), five receptor states can be
identified. Basin | corresponds to the receptor inactive states.
A closer inspection of the structures extracted from this free-en-
ergy minimum reveals the co-presence of two equally possible
sub-states, |1 and 12, characterized by the TM6-TM3 ionic lock
formed and broken (45% vs. 55%). In order to energetically eval-
uate these two inactive sub-states, we recomputed the free en-
ergy as a function of the distance between E®3° and R**° using a
reweighting protocol.'°° The obtained FES clearly shows the two
inactive sub-states as separate minima, one where the TM6-
TM3 ionic lock is formed and the other where this interaction is
broken, 11 and 12, respectively (Figure 6). This finding is in agree-
ment with the existing experimental data, suggesting the exis-
tence of two inactive states with the ionic lock formed and
broken.*~""°

Basin P corresponds to the pAs characterized by the IIL
broken, the counterclockwise rotation of TM6, and the formation
of the AIL. Such features indicate that the pAs is an active-inter-
mediate conformation. This observation prompted us to investi-
gate the binding of G protein to this receptor state performing
docking and steered MD calculations. The docking simulations
failed in providing a reliable A;pR/G protein binary complex
due to the steric clash occurring between the TM6 intracellular
tail and G protein (Figure S17A). However, performing binding
simulations including protein conformational flexibility, like in
steered MD calculations, the G protein readily accesses the
AxaR IBS, reaching the experimental A,sR/G protein binary com-
plex within a short simulation time that remains stable during un-
biased MD calculations (Figure S18). It is noteworthy that the G
protein binding to the pAs induces the opening of the TM6’s
intracellular end, without observed rotation of the helix, since
TM6 is already rotated counterclockwise toward the active
conformation in the pAs structure. Our findings indicate that
the pAs structure represents a pre-coupling receptor conforma-
tion and might correspond to one of the intermediate-active
states identified in previous studies for apo AoaR.%

Basin M1 corresponds to an active-intermediate metastable
state at higher energy value, similar to the pAs. Finally, state A
represents the full active conformation of the receptor, capable
of binding the G protein. In the absence of agonist ligands, this
state exhibits a high free-energy value, resulting in a low confor-
mational population, as also found in previous works.””” As
shown in Figure 6, ~90% of the structures representing this state
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exhibit the AIL between TM6 and TM5 formed, confirming this
interaction as a hallmark of the receptor active states. We note
that state A is very similar to the experimental active structure
(PDB: 5G537") and the active state previously identified in
NMR studies.”” Here, microswitch residues like NPxxY7”49-53
assume the active conformation that, together with the formation
of the AL, facilitates the opening of the A,R IBS for the G protein
coupling (see Table S1).

The pAs in effector coupling

The identification of the pAs prompted us to investigate if such
receptor state might play a functional role. To this end, we per-
formed protein-protein docking calculations on pAs with the
Gs protein (i.e., mini Gs). As previously mentioned, docking re-
sults indicated that the coupling of pAs with G protein is impeded
by steric hindrance from the TM6 intracellular tail (Figure S17A),
which significantly reduces the AoaR IBS’s volume in the pAs
(see Figure S8). However, when including receptor conforma-
tional flexibility in the binding simulations, as done in steered
MD calculations, the G protein successfully binds to A,aR and
adopts the experimental binding mode following rearrangement
of the TM6 intracellular tail (Figure S18). Here, several interac-
tions stabilize the complex, including salt bridges between the
Ga’s carboxylic C terminus of L394 and A,aR’s K22752° and be-
tween Ga’s E392 and A,aR’s R29388, The A,,R/G protein bind-
ing is further stabilized by a cation- interaction formed between
Go’s Y391 and R102%%° of the A,aR’s E®3%/DRY34%5" motif.
Notably, in the pAs/Ga complex, the Ga’s Cab helix is slightly
displaced outward, compared with the experimental structure
(Figure S19), with a downward shift of ~2 A measured between
the Cab terminal part and the center of mass of the As;aR’s
NPxxY7495% motif (Figures S19C and S19D) Interestingly, a
similar displacement of the Ga’s Cab helix has recently been
observed in an alternative active state of A;pR coupled with G
protein, suggested to be implicated in rate-limited GDP/GTP
exchange within the Ga protein without triggering full receptor
activation.'®" Further investigations are necessary to compre-
hensively explore this phenomenon.

The coupling of A,aR with effectors other than G proteins re-
mains a topic of debate in the literature.’®>~'% While direct evi-
dence is still forthcoming, it is beneficial to explore the structural
basis of alternative AaR signaling pathways involving non-G
protein effectors. In this context, we investigated the binding in-
teractions between pAs and B-arrestin 1. At variance with G pro-
tein, docking calculations reveal a high binding score between
pAs and B-arrestin 1, consistent with previous structural investi-
gations'%>~'%" showing that a reduced volume at the intracellular
pocket might favor the interaction with B-arrestins. The resulting
binary complex exhibits protein-protein interactions very similar
to the cryoelectron microscopy (cryo-EM) structure of the B4-
adrenoreceptor (B;AR) coupled with B-arrestin 1. Examples are
the polar contacts between A,pR’s R102%%° and N39%%7
(R139%%° and Asn742%7 in B,AR) with B-arrestin’s E66 and the
hydrophobic interactions formed by A;xR’s 1106°% (1143%%% in
B+AR) and B-arrestin’s L71 and L73 (Figures 5D, S17B, and
S17C). The energetic and structural stability of the pAs/B-arrestin
1 complex was further assessed by plain MD calculations on
the A,a/B-arrestin binary complex identified in our study. In
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particular, two independent simulations—each lasting 5 ps—
were carried out. As can be seenin Figure S20, the A,a/B-arrestin
complex is stable throughout the simulations, with low RMSD
values calculated for the protein’s Co. atoms (1.8 + 0.4 A and
1.7 + 0.4 A for the two replicas, respectively). During the binding
simulations, A>aR remains in the pAs, with the AIL formed over
90% of the simulation time (see Figures S20B and S21). It is
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important to note that phosphorylation of specific residues at
the C-terminal tail, ICL3, or other sites of the receptor can
enhance the binding affinity for B-arrestin. Owing to the absence
of such detailed information, receptor phosphorylation was not
considered in our study. Nevertheless, our findings suggest
that the pAs can couple with B-arrestin and may contribute to
B-arrestin-mediated activation of specific cellular pathways.
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DISCUSSION

In this study, we have provided a thorough structural and ener-
getic characterization of the activation mechanism of the aden-
osine GPCR A,aR. Specifically, the apo, the agonist-bound,
and the inverse agonist-bound forms of the receptor have been
investigated. Among these, the A;aR apo form is particularly
interesting as it represents the basal functional state of the re-
ceptor for which no experimental structure has been reported
so far. Our results show that the conformational ensemble of
the receptor apo form is characterized by the co-presence of
the inactive states (11 and 12), active-intermediate states (M1
and P), and the fully activated state (A), in which P represents a
pseudo-active state (pAs) that is disclosed here for the first
time (Figures 5B and 6). This finding is in agreement with NMR
and fluorescence-based studies that found the apo A;aR in a
similar distribution of states with the co-presence of the antago-
nist/inverse agonist-bound conformation and intermediate-
active states.>'>'% |n the pAs structure the receptor presents
a mix of molecular features of the active and inactive state.
The most important one is the salt bridge interaction established
between E22853° and R205%%° —largely conserved within class
A GPCRs—which stabilizes the TM6 active-like orientation,
forming what we have defined activating ionic lock (AIL). The
newly identified pAs can couple with the Gs protein upon minor
rearrangement at the TM6 intracellular tail. In addition, it can bind
B-arrestin 1, showing a binding mode very similar to the experi-
mental one found between B4R and B-arrestin 1 (Figures 5D
and S17). In this regard, it is worth noting that ApaR/B-arrestin
binding is a rather unexplored area of research. Some studies
have demonstrated A,aR/B-arrestin binding and the ability of
AoaR to activate arrestin-mediated cellular pathways, even in
the presence of the receptor apo form. For instance, the works
of Franco and colleagues'%"'°® have shown the role of arrestin
recruitment by A,aR in receptor internalization and triggering G
protein-alternative cell signaling. Despite these efforts, the pre-
cise mechanism of interaction between A,,R and B-arrestin,
including the phosphorylation sites at A,aR,'°'"" remains
poorly understood. In this context, here, the reported structure
of the complex between As;aR and B-arrestin provides valuable
insights, establishing a structural basis of A,aR/B-arrestin bind-
ing interaction. Our findings open novel opportunities for modu-
lation of A,aR activity, also in terms of receptor desensitization
and activation of G protein-alternative cellular pathways. %"
For instance, the pAs might be targeted to identify novel AoaR-
biased ligands by using standard and advanced drug discovery
campaigns that employ Al-based algorithms like graph neural
networks and geometrical deep learning to increase the hit-dis-
covery success rate. In addition, the pAs might be helpful in
elucidating the yet unclear molecular aspects of B-arrestin
coupling to AsaR, including phosphorylation at the A;pR’s C
terminus'109,112,113

When A,4R is bound to the agonist NECA without G protein,
the receptor is found in two most probable states (inactive [I]
and active [A], Figure 5B). The first one corresponds to the inac-
tive-like structure of the receptor, in agreement with the reported
X-ray and cryo-EM agonist-bound structures of A,aR®>84114
and as also found for the B.-adrenoreceptor by structural and
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computational studies.’®'"® In this regard, it is worth noting
that the experimental agonist-A,aR complexes (in the absence
of the G protein) are defined as intermediate-active states,
even though all of them have TM6 rotated clockwise in the inac-
tive form and the intracellular region of the receptor close to the
inactive state. In fact, plotting the position of the experimental
agonist-bound A,4R structures®' %1% onto the FES of the acti-
vation mechanism, they all result close to the inactive state | (Fig-
ure S22). The second low energy state instead corresponds to
the receptor active form, characterized by the counterclockwise
rotation of TM6 and the presence of the AlL. This indicates that
the agonist binding—even in the absence of the G protein—in-
duces conformational changes in A;aR leading to the loss of
pAs in favor of the active form (A), which is competent for the
G protein binding. Our finding rationalizes the 'F-NMR data of
agonist-bound and apo AsaR reported by Huang et al.® (Fig-
ure S23), which show in both cases the AyAR in equilibrium be-
tween multiple states, among which one is always represented
by the inactive state, whereas the others (i.e., active and pAs)
are differently stabilized by the presence of the agonist. Further-
more, our results suggest that the “A-I equilibrium” established
upon agonist binding is functional for the definitive activation of
the receptor—and stabilization of the active form—occurring
only after the G protein recruitment at the receptor IBS. Interest-
ingly, a recent study by Solano and Choi investigated the activa-
tion mechanism of the A¢R in the presence of the agonist aden-
osine.”® This receptor shares a relatively high identity percentage
with AoaR (~38% for the whole sequence), and it is worth noting
some similarities between our results on A,4R and those on A;R.
Similarly to what we observed for A;aR, the authors found that
A+R activation is characterized by the roto-translational motion
of TM6, and the inactive state is the lowest energy minimum in
the receptor agonist-bound form with the co-presence of a
pre-active state.

Finally, when the receptor is bound to ZMA, the basal “P-/
equilibrium” is shifted toward the inactive conformation, which
is the only low energy state present (Figure 5A). Notably, the
intrinsic pharmacological activity of ZMA has been a subject of
debate in the literature, with some studies classifying it as a
neutral antagonist,®®> while more recent research attributes
an inverse agonist activity to ZMA.>%%° It is important to recog-
nize that the characterization of ligand pharmacological activity
can vary depending on the specific system under investigation
and the experimental conditions employed. However, drawing
from the widely accepted understanding that a neutral antago-
nist competes with agonists for binding without affecting the re-
ceptor’s basal activity, whereas an inverse agonist diminishes
basal activity, our findings indicate that ZMA functions as an in-
verse agonist by stabilizing the A,4R in its inactive form. Indeed,
if ZMA had acted as a neutral antagonist, it would not have influ-
enced the two-states equilibrium of the A>AR apo form.

Our study provides unprecedented structural and energetic in-
sights into A;aR activation mechanism, revealing a novel recep-
tor state, pAs, which could be further investigated in biased
signaling studies and could be targeted by drug design cam-
paigns to develop AgaR biased ligands. Our simulation protocol
is generalizable and can be applied to study the activation mech-
anism of any GPCRs and to predict the intrinsic activity of ligands
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based on their effect on the receptor conformational dynamics,
resulting in a valuable tool for investigations on GPCR activation
and drug design.

EXPERIMENTAL PROCEDURES

Systems setup and unbiased MD

According to the best resolution criterion, the starting conformations of the
active and inactive A;aR have been taken, respectively, from the PDB:
5G53" and PDB: 3PWH" X-ray structures, whereas the coordinates of the
mini-Gs protein heterotrimer were extracted from the cryo-EM structure
PDB: 6GDG’® (after the alignment of the GPCR section with 5G53""). The
active G protein-uncoupled (FAN, FApo) and the apo (FApo, FApoG, and IN-
apo) systems were obtained by removing the engineered G protein or the
co-crystalized orthosteric ligands (or both) from the original structures (PDB:
5G53,”” 3PWH?"). To prepare the INeca and ACzma systems, we first aligned
the agonist- and antagonist-bound A,sR and then replaced the antagonist
ZMA in the inactive receptor conformation (PDB: 3PWH®) with the agonist
NECA, as well as the agonist NECA with the antagonist ZMA in the active re-
ceptor conformation (PDB: 5G53’). Any mutation present in the starting PDB
structures was converted to its wild-type form. Before MD simulations, the re-
ceptor’s first N-terminal (S5) and the last C-terminal (S305) residues were cap-
ped with acetyl and N-methyl groups, respectively. The receptor conforma-
tions were prepared using the Protein Preparation Wizard tool, implemented
in the Maestro Suite 2021.""® Any A,4R missing residue was added and con-
formationally optimized using the Prime toolkit''""''® and one of the aforemen-
tioned PDB structures as reference. Mutations were reverted in accordance
with the A;aR primary sequence taken from the UNIPROT database (UNI-
PROT: P29274). Missing loops were recreated during the refinement stage
of Prime by randomly generating starting conformations and then further opti-
mizing their orientation and position via an iterative, energy-based process
embedded in Prime. The top scoring loops were selected for the final A;aR
structures. A similar approach was followed to generate the missing side
chains. All the optimization calculations were carried out using an energy-
based approach and the OPLS 2005 all-atom force field. The missing parts
of the proteins were first minimized via rigid-body simulation and then further
optimized via hybrid Monte Carlo conformational sampling. The implicit mem-
brane treatment was applied when needed.

The residue protonation states were evaluated using Maestro Epik''®'?°
toolkit. This approach provides an estimation of the side-chain pKa via iterative
calculations. Starting from the optimized structures obtained as previously
described, initial protonation states were assigned at pH 7. Then, the pKa of
each acidic side chain was re-evaluated after removal of its acid hydrogens.
This process was repeated for all acid groups. Then, the initial structure was
regenerated, and the basic groups were protonated one at a time following
a similar procedure. This computational titration assay allows for properly eval-
uating the most probable protonation state of each residue at the chosen pH
by estimating the variation of its pKa in the protonated and deprotonated
states.

The final structures were then subjected to another round of rigid-body and
hybrid Monte Carlo minimization to further optimize the receptor structure and
the residue interactions. During this phase, special care was provided to the
hydrogen-bond network. To do so, initially, only the hydrogens’ positions
were optimized by imposing a restraint on all the heavy atoms. Afterward,
these constraints were released, and the full structure underwent a new cycle
of energy minimization.

Each optimized receptor conformation was then embeddedina 105 x 105A
(along x and y axes) pre-equilibrated POPC—cholesterol (7:3 molar ratio)
bilayer and solvated using the TIP3P water model with the aid of the mem-
brane-builder tool of CHARMM-GUIl.org (http://www.charmm-gui.org). The
ff14SB and lipid17 Amber force fields were used to parametrize the protein
and the lipids, respectively.'" As for the GPD molecule and for the two orthos-
teric ligands, namely NECA and ZMA, different force fields were used based on
the distinct chemical nature of the three compounds. Specifically, a combina-
tion of Amber OL3"%” and generalized amber force field (GAFF'?°) parameters
were adopted for GPD and NECA, while the GAFF'*° alone was used to treat
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ZMA. Their atomic partial charges were instead computed using the two-
staged restrained electrostatic potential (RESP)'?*"2° fitting procedure imple-
mented in Antechamber.'®® The electrostatic potentials (ESPs) were first
calculated through the quantomechanical package Gaussian 16."?” Specif-
ically, the adopted protocol included a double-step geometry optimization
procedure at Hartree-Fock level of theory: (1) a preliminary calculation with
the 3-21G basis set, followed by (2) a more accurate procedure with the 6-
31G* basis set, after which the ESPs were computed. The topology files of
the systems were obtained with the tleap program of AmbertTools20'“® and
then converted into the GROMACS format by the means of ParmEd. The
GROMACS 2020.6'?° code was used to perform the simulations. A cutoff of
12 A was used for short-range interactions. The long-range electrostatic inter-
actions were computed through the particle mesh Ewald method'*° using a
1.0-A grid spacing in periodic boundary conditions. The non-iterative
LINCS'®" algorithm was applied to constraint bonds, which allowed using a
2-fs integration time step. To solve all the steric clashes, each system under-
went 30,000 steps of steepest descent energy minimization in three phases. In
the first one, the system heavy atoms were kept fixed to relax only the hydro-
gens and the water molecules; during the second stage, also the lipidic bilayer
was released; and in the third step all the atomic positions were minimized.
Then, each complex was equilibrated and heated up to 300 K. Our equilibra-
tion protocol follows an iterative approach composed of isothermal-isobaric
(NPT) and canonical (NVT) ensemble simulations to ensure a smooth and uni-
form equilibration of the atom distribution and box sizes. Starting from the tem-
perature of 50 K, the system is first simulated in the NPT ensemble at 1 atm for
1 ns and then in the NVT ensemble for the same time to let the solvent rear-
range itself and to avoid creation of low-density regions in the box. Velocities
are only generated during this NPT step and then inherited from run to run.
Since the addition of the membrane bilayer may introduce steric clashes
that might not be resolved during the energy minimization phase, the integrator
time step is reduced to 1 fs for the 50-K NPT/NVT cycle only. The temperature
is then increased by 50 K, and the procedure is repeated until the temperature
reaches 250 K. After this point, the temperature increase is lowered to 25 K for
each NPT/NVT cycle. This was done to ensure that the system heats slowly af-
ter approaching the water melting temperature. In semi-isotropic systems
such as the ones containing lipid bilayers, this is a critical step because of
the change in the solvent fluidity that may affect the membrane structure. Dur-
ing the whole equilibration phase, position restraints are applied to the protein
and the ligand. An initial force constant of 1,000 kJ/mol is applied during the
first 50-K NPT/NVT cycle and then progressively lowered by 160 kJ/mol with
each increase of temperature to ensure a smooth equilibration of the pro-
tein/ligand complex. Following this approach, a low force constant of 40 kJ/
mol is maintained after reaching the 300-K threshold. Another cycle of NPT/
NVT simulations at 300 K is then repeated without the position restraints to
allow the protein and ligand to move freely. For the whole equilibration proced-
ure, Berendsen thermostat and barostat'*” are applied to avoid abrupt varia-
tions in the system’s temperature and pressure. Before proceeding with the
production simulations, these algorithms are switched to the stochastic veloc-
ity rescaling’®® and the Parrinello-Rahman,'** respectively. A 10-ns NPT pre-
production run at 300 K with these settings is performed to remove the influ-
ence of the starting conditions.

The same equilibration and production protocols were used also for the sim-
ulations on the ApaR/B-arrestin and A,aR/G protein complexes, coming from
protein-protein docking and steered MD calculations, respectively.

Regarding the RMSD and volume analyses shown in Figure 2 and in the sup-
plemental information, the different regions of the receptor have been defined
as follows: (1) OBS residues (Ca. atoms) 8-14, 57-66, 75-90, 132-140, 175-
187, 245-258, 267-278; (2) connector residues (Co atoms) 15-23, 50-56,
91-97, 127-131, 188-197, 236-244, 279-283; (3) IBS residues (Ca atoms)
24-31, 42-49, 98-106, 119-126, 198-208, 222-235, 283-287 (residue
numbering: UNIPROT: P29274).

Cross-correlation analysis

Cross-correlation analysis (or Pearson-correlation coefficient analysis) was
used to assess the correlated motions between pairs of residues in the seven
simulated MD systems (Table 1). An in-house code was employed to calculate
the Pearson coefficients matrices according to the following formula:
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0y, 0,

Cj (Equation 1)

where the numerator is the covariance between two variables, x; and x;, while
g; and oj are the standard deviations of each variable. The normalization ob-
tained dividing the covariance by the product of the standard deviation of
the variables allows having values ranging between —1 and +1. The variables
represent the Co. atoms’ positional vectors, and the Pearson correlation coef-
ficients have been evaluated between any pairs of Ca atoms.

PSN analysis

Network parameters such as hubs, communities, and structural communica-
tion analyses were obtained by using the WebPSN 2.0 webserver.'*>~'%” The
methodology builds the protein structure graph (PSG) based on the interaction
strength of two connected nodes:

njj
NN,

Iy = 100 (Equation 2)

where interaction percentage (I;) of nodesi and j represents the number of pairs
of side-chain atoms within a given cutoff value (4.5 A), while N; and N; are
normalization factors. The interaction strength (represented as a percentage)
between residues i and j (I) is calculated for all node pairs. If I;; is more than
the minimum interaction strength cutoff (Imin) @among the residue pairs, then
the nodes are considered to be interacting and hence represented as a connec-
tion in the PSG.

WT-MetaD with PCVs

MetaD®° is an enhanced sampling method in which the simulation is boosted
by a Gaussian-shaped history-dependent bias potential (Vg), deposited on a
selected number of reaction coordinates (i.e., slow degrees of freedom) of
the system, usually referred to as collective variables (CVs):

9. (Si(R) — Si(R(t)))?
Z(() (R(t)))

Equation 3]
2072 (Eq )

t
Ve(S,t) = /dt’a; exp —
0

i=1

where S;is the value of the ey, o;is the width of the Gaussian function, and w
is the rate at which the bias is deposited. WT-MetaD®" is an evolution of the
method in which the bias deposition rate w is exponentially rescaled over
time, depending on how much potential has already been added in the
same region of the CV phase space, according to following formula:

Vg (St

W = worge *e5T (Equation 4)

where W is the Gaussian height, kg is Boltzmann'’s constant, wy is the initial en-
ergy rate, 7g is the Gaussian deposition stride, AT is the fictitious temperature
at which the biased CV (S) is sampled, and Vg(S, t) is the bias potential accu-
mulated in S over time t. At the end of a WT-MetaD simulation, the deposited
bias potential Vg asymptotically converges to the inverse value of a fraction of
the free energy F(S):

Ve(Sit— ) =

(Equation 5)

The fictitious temperature AT is the parameter that controls how quickly
the Gaussian height is decreased and often is written in terms of the so-called
bias factor y = (T + AT)/T. The acceleration factor «a introduced by the under-
lying MetaD bias deposited during the simulations was computed as a =
e 4FSH/KBT 138 sing the energetic difference AF calculated between the
lowest-energy minimum and the highest energy transition state identified in
the apo and NECA-bound systems (14.5 and 13.4 kcal/mol, respectively).

The large-scale conformational differences between the crystal structures of
the active and inactive AR suggest that the transition between these states is
highly cooperative and involves a number of degrees of freedom. For this
reason, the use of simple geometrical CVs (i.e., a distance or a torsion) might
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be insufficient both to reproduce the event and to calculate the associated free
energy. To overcome this limitation, we employed the PCVs approach,” which
has been successfully applied in a number of conformational transition
studies.?"°® In this dimensionality reduction scheme, two functions are used
to characterize the position of a point in a configurational space R relative to
a preassigned path I in terms of progress along the path s(R) and distance
from it z(R):

X 0= Vew(=AX®) - X))
sR) = 5=

N (Equation 6)
3 (= AIXR) - X()IF)

(Equation 7)

N
i {Zexp(—xuxm - X(’)HZ)}

where X(R) is areduced representation of R, X(/) is the same kind of reduced rep-
resentation of the path/, i is a discrete index ranging from 1 to N, with N being the
number of conformations selected to build the path. ||...|| indicates the metric
used to compute the distance between the configurations, which is generally
defined in terms of contacts matrix or RMSD. In this work, a preliminary guess
of the AaR activation process was obtained through the unbiased MD system
FApo (transition from the active state to the pAs) and steered MD (transition from
the pAs to the inactive state). The latter was performed applying a constant force
(harmonic constant k = 4.774 kcal/mol) on a CV represented by the RMSD of the
protein Co.atoms computed with respect to the experimental inactive conforma-
tion of A2aR. The overall trajectory was then used to extract the frames needed
for the preassigned paths of two sets of PCVs: Pacrand Prye.

acTPCVs

In ocTPCVs, X(R) is defined as a set of Cartesian coordinates belonging to a
subset of atoms. The distance ||...|| of each generic configuration X(R) from
the path was computed as the RMSD of the subset after optimal receptors’
alignment by using Kearsley’s algorithm.'*° Notably, the choice of the atoms
to be included in the path is far from trivial; in fact, a wrong choice can turn
into a loss of performance and additional noise that may affect the calcula-
tions. Here, we used the Ca and CB of the most important receptor micro-
switches (PIF, toggle, NPxxY, AlL, IIL) as well as the C{ and Cy of key residues
detected in our unbiased MD (Table S2; Figure S11A). The final path consists of
12 frames: 10 frames directly extracted from the preliminary deactivation tra-
jectory (obtained as described above) and two terminal extra-(non-real)-
frames. We verified that the obtained set of configurations was equally spaced
in the adopted mean square displacement metrics, and the value of A was cho-
sen so as to be comparable to the inverse of the RMSD between successive
frames. The average distance between adjacent frames was 0.74 A, which
thus required setting A = 1.22 A2in Equations 2 and 3.

mePCVs

Here, the reduced representation X(R) is defined as the CMAP matrix C(R) and
the distance ||...|| computed as:

IX®R) — x)l = Y [c®), - cn,]’ (Equation 8)

j>1

where C(R);; and C(l);; are the elements of the CMAP matrix. A contact be-
tween atom i and j is defined as

rv. n
(3
C(R), = fo (Equation 9)

where r;;is the distance between the two atoms, and rp is the typical distance
at which the contact is formed (Table S3). The list of the contacts included
(Table S3) in the CV was chosen to specifically accelerate the around-the-
axis rotation of TM6 occurring upon receptor (de)activation. The final path con-
sists of 7 frames. However, The FESs in Figures S16 and S22 are computed
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through a reweighting procedure'® as a function of path CVs defined by the
mmePCV used in the production runs with the addition of two terminal extra
fames that might represent multiple receptor conformations sampled at the
endpoints. The average distance between adjacent frames was 0.63, which
thus required setting A = 3.64, according to the same criterion used for Sacr.

The PLUMED 2.7.1"%%"*" jibrary patched with the GROMACS 2020.6'?° MD
engine was used to perform WT-MetaD simulations on the uncoupled Ax4R in
its apo, NECA-bound, and ZMA-bound forms. Two-dimensional Gaussians
were added on the s(R) components of 4c7PCVs and 1,6PCVs every 2 ps.
An initial Gaussian height of 0.95 kcal/mol was gradually decreased based
on a bias factor y = 15. The Gaussian widths were respectively set to 0.1
and 0.03 for the oc7P.s and r6P.s dimensions, according to the CVs’ fluctua-
tions observed in the standard MD regime. To limit the exploration of unphys-
ical states during the simulations, harmonic restraints were placed on the hel-
icity of TM6, based on the ALPHARMSD variable defined in PLUMED. The bias
reweighting procedures used along this work were performed according to the
algorithm developed by Bonomi et al.'®

Protein-protein docking

To evaluate the possible affinity of the newly discovered A;aR pAs toward
different intracellular transducers such as mini Gs and B-arrestin 1, protein-pro-
tein docking were performed with the aid of the HADDOCK 2.4 webserver. 4% 143
Specifically, the minimized structure of the pAS extracted from our MD simula-
tions was used as starting conformation for the A;aR, while the 3D coordinates of
the mini Gs and B-arrestin 1 were taken from the experimental PDB: 6GDG’?,
6TKO.'®. Prior to docking, we indicated, as active residues of the AyaR, the
following amino acids defining the IBS: 106, 102, 203, 235, 230, 227, 292,
208. On the other hand, based on the analysis of multiple GPCR-G protein
and GPCR-p-arrestin complexes, we indicated, as interacting portion of the
transducers, the o5 helix of mini Gs (residues: 239-248) and the finger loop of
B-arrestin 1 (residues: 63-76). The best binding poses were selected as those
having the lowest RMSD with respect to 6TKO PDB complex.

Steered MD

The coupling process of the mini Gs (o subunit) to the Ao AR pAs was investigated
through the steered MD implementation included in the PLUMED platform.
Particularly, a time-dependent harmonic restraint was applied on the system
RMSD with respect to a target configuration, according to the following formula:

V(s,t) = %K(t) (? - 5o (0)2

where k is the force constant, and s, is the target conformation. These two
values are iteratively tuned by PLUMED at each simulation step to reach the
target value in a user-defined number of steps.

Our protocol was thus divided into two steps, each lasting 20 ns. In the first,
the steering force was applied on a RMSD-based CV, computed on the Ca
atoms of HN (residues 14-40, UNIPROT: P63092), a4 (residues 323-341,
UNIPROT: P63092) and a5 (residues 361-381, UNIPROT: P63092) helices of
the mini Gs (o subunit) after optimal alignment on the A,oR OBS (Ca atoms
of residues 8-14, 57-66, 75-90, 132-140, 175-187, 245-258, 267-278, ac-
cording to the UNIPROT: P29274 numeration).

In the second step, the intermolecular contacts were refined by computing
the RMSD CV on the Cp atoms of all the secondary structure elements of the
mini Gs o subunit (residues 14-46, 209-214, 217-223, 243-249, 253-268,
277-293, 322-341, 349-353, 360-364; UNIPROT: P63092) after optimal align-
ment on the Ca. atoms of the TM helices of AxaR (Ca atoms of residues 8-31,
42-66, 75-106, 119-140, 175-205, 227-257, 267-287; UNIPROT: P29274). In
both the steered MD steps, a kappa of 10,000 kd/mol was used.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be
directed to and will be fulfiled by the lead contact, Vittorio Limongelli
(vittoriolimongelli@gmail.com).
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Materials availability

This study did not generate new unique reagents. All data and codes are avail-
able and can be found at the addresses specified in the data and code avail-
ability section.

Data and code availability

o The Path CV MetaD protocol employed in this work is available on
PLUMED-NEST (plum|D:23.045).

o The structure of the AoaR pAs is available as PDB file in the supplemental
information and at www.pdbdb.com.

o The complete dataset of the simulations and codes used or generated in
this study is available on Zenodo (DOI: 10.5281/zenodo.13460724).

o The movie of the activation mechanism of AR in apo and ligated forms
is available as supplemental information and at https://youtu.be/
TbXi3KjIWFo.
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