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Abstract

We investigated the Gi-coupled Az adenosine receptor (AzAR) activation mechanism by running
7.2 s of molecular dynamics (MD) simulations. Based on homology to G protein-coupled
receptor (GPCR) structures, three constitutively active mutant (CAM) and the wild-type (WT)
A3ARs in the apo form were modeled. Conformational signatures associated with three different
receptor states (inactive R, active R*, and bound to Gi protein mimic) were predicted by analyzing
and comparing the CAMs with WT receptor and by considering site-directed mutagenesis data.
Detected signatures that were correlated with receptor state included: Persistent salt-bridges
involving key charged residues for activation (including a novel, putative ionic lock), rotameric
state of conserved W848, and Na* ions and water molecules present. Active-coupled state
signatures similar to the X-ray structures of B, adrenergic receptor-Gs protein and AyaAR-mini-
Gs and the recently solved cryo-EM A;AR-Gi complexes were found. Our MD analysis suggests
that constitutive activation might arise from the D1073-49-R1083-%0 jonic lock destabilization in R
and the D107349-R1113-53 jonic lock stabilization in R* that presumably lowers the energy barrier

Terms of use and reuse: academic research for non-commercial purposes, see here for full terms. https://www.springer.com/aam-
terms-v1

“Corresponding Authors: A.Ciancetta@sygnaturediscovery.com (A.C.). Phone: +44 (0)28 9097 2368. kennethj@niddk.nih.gov
K.A.J.). Phone: (+1) 301-496-9024.
Current address: Sygnature Discovery, Nottingham, United Kingdom
Author Contribution
A.C. designed and oversaw the project, run molecular dynamics simulations of the R*G state, analyzed the trajectories, and wrote the
manuscript. D. I. L. built the homology and augmented reality models, P. R. performed molecular dynamics simulations of the R and
R* states. K. A. J. oversaw the project and wrote the manuscript. All authors have given approval to the final version of the
manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited peer-reviewed manuscript that has been accepted for publication but has not
been copyedited or corrected. The official version of record that is published in the journal is kept up to date and so may therefore
differ from this version.

Conflict of interests
The authors declare no conflict interests.

Data Availability

Initial 3D coordinate, topology, parameter, and HTMD protocol files for all the simulated systems are available from the
corresponding authors upon request. AR models for selected WT hA3AR R, R*, and R*G conformations compatible with Unity game
engine for Microsoft HoloLens (.fbx file format) as well as with other augmented or mixed reality tools (.dae or .obj/.mtl file formats)
are available from the authors upon request.

Supplementary Information

Additional modeling information, containing Supplementary Figures S1-S7 and Tables S1-S3 (PDF).

Supplementary Videos S1-S3 (AVI) representing A3AR MD simulations (corresponding to Figures 1 — 3) and Videos S4-S6 (AV1)
with HoloLens 3D views of the A3AR (S4, inactive; S5, active; S6, active bound to mini-Gi).


https://www.springer.com/aam-terms-v1
https://www.springer.com/aam-terms-v1

Ciancetta et al. Page 2

associated with an R to R* transition. This study provides new opportunities to understand the
underlying interactions of different receptor states of other Gi protein-coupled GPCRs.

1. INTRODUCTION
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The human Az adenosine receptor (hAzAR) is a member of a family of G protein-coupled
receptors (GPCRs) activated by adenosine. To date, four AR subtypes have been identified,
each of which is characterized by a distinct affinity for the endogenous agonist and tissue
distribution [1]. The hA3AR is expressed at the highest levels in liver, lung and immune cells
[2], but lower levels are found in heart and brain and other tissues [3]. From the
pharmaceutical perspective, hAzAR agonists have promising therapeutic potential as anti-
inflammatory, anticancer, and cardioprotective agents, with multiple ongoing clinical trials
[4-6]. At the cellular level, hA3zAR activation leads to adenylate cyclase (AC) inhibition to
reduce cytosolic cyclic AMP (CAMP) levels via a Gi protein (inhibitory guanine nucleotide-
binding protein). Among the other AR subtypes, the Gi-coupled hA;AR shares the highest
sequence identity (49%) with the hAsAR. The other two AR family members, the hAsa and
hA,g ARs, principally increase cCAMP levels via stimulatory Gs proteins.

In the last two decades, efforts have been devoted to elucidating the structure and activation
mechanism of the hA3zAR [7]. Site-directed mutagenesis (SDM) experiments identified key
residues involved in ligand binding and receptor activation [8-10]. Specific mutation sites in
the conserved DRY motif in transmembrane domain (TM) 3 and in TM6 were found to
convert the hA3AR into constitutively active mutants (CAMs) [9]. The A229E%-34 (number
in superscript refers to Ballesteros-Weinstein notation [11]), R108A3-%0, and R108K3-50
mutant AzARs displayed enhanced agonist-independent activity, while binding agonists with
an affinity equal to or greater than the wild-type (WT) receptor [9]. The level of basal cCAMP
produced in COS-7 cells expressing the CAMs were 69+12, 101+22, and 149+42 pmol/mL,
for A229E%-34 R108A3%0, and R108K3-20 mutant hAzARs, respectively, to establish the
following trend in increased receptor activation with respect to the WT (basal cAMP
produced: 256+32 pmol/mL): A229E6-34 > R108A3-%0 > R108K3-0 [9]. To rationalize these
observations, it was hypothesized that the mutations increase the population of the hAzAR
active state that is able to couple with the Gi protein [9]. However, the lack of a three-
dimensional structure of the hA3AR or of a close homologue GPCR hindered further
support for this hypothesis at a detailed atomic level.

Although a hAzAR structure remains elusive, the progress made in the last decade in
structural biology led to X-ray structures of two other AR family members, i.e. the hApa and
the hA1 ARs. These structures and their sequence homology enable the construction of
reliable homology models (HMs) of the hA3zAR [12-23]. In particular, the hA,aAR
represents to date the only Class A GPCR that has been solved in the inactive (R) [12,15-
17,19,20], active-intermediate (R*) [13], and fully active state coupled to an engineered Gs
protein a subunit (R*G) [21]. These structural templates offer the opportunity to model the
hA3AR in different receptor states and study their behavior using modeling techniques such
as molecular dynamics (MD).

J Comput Aided Mol Des. Author manuscript; available in PMC 2020 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ciancetta et al.

Page 3

In this study, we performed 7.2 ps of MD simulations of the hA3AR by building HMs of the
receptor in three different states (R, R* and R*G) and compared the behavior of the three
CAMs (A229E6-34 R108A3-0, and R108K3-50) with the WT receptor. The local
conformational dynamics analysis of each receptor state enabled us to identify signatures of
the inactive, active and active-coupled receptor states that provide a structural framework for
the experimental observations and help elucidate at the molecular level the differences
between those receptor conformations. As one of the first attempts of MD simulation of a
Gi-coupled GPCR system, our study might eventually help understand the intra- and inter-
molecular interactions stabilizing different receptor states of other Gi protein-coupled Class
A receptors.

2. RESULTS
2.1 Project Design

To identify the signatures of hA3AR inactive, active and active-coupled states we used
different hAy;pAR X-ray templates (Figure S1) and built HMs of the both WT and CAM
hA3ARs in the inactive (R), active (R*), and Gaj-coupled (R*G) states. To model R, we
built a HM based on the high-resolution hA;aAAR X-ray structure in the inactive state (PDB
ID: 4E1Y) [15]. To model the R* and R*G states, we built HMs based on the recently solved
hA2aAR X-ray structure in complex with a mini-Gs protein mimicking the Gs protein a
subunit (PDB ID: 5G53) [21]. Because parts of the second extracellular loop (EL2) and
extracellular (EC) tip of TM1 were not fully resolved in the active X-ray template, we
modeled those portions from the inactive hA;aAR X-ray structure (PDB ID: 4E1Y) [15],
therefore using a hybrid template (Figure S1). The R and R* HMs were subjected to initial
validation by computing Ramachandran plots that revealed a few outliers, which were
corrected during the equilibration (Figure S2). To model the Ga coupled to the receptor in
the R*G state, we used the engineered mini-Gs protein as template and built a hypothetical
“mini-Gi” HM based on the Ga,j; subunit sequence (sequence alignment in Figure S3).
Although this approach represents an approximation, as it was shown that mini-Gi
constructs are not stable experimentally [24], trajectory inspection confirmed that the mini-
Gi HM did not unfold during the simulation (Figure S4). Moreover, structural comparison
between the initial HM and available X-ray structures of the human Ga; subunit (Figure S5)
confirmed the overall good superimposition for the modeled construct except for the hgh4
loop region and the N-terminal portion of H4, for which the folding and orientation differed
from the Gaj X-ray structures. Notably, the hgh4 loop displayed high B-factor values in the
original mini-Gs X-ray template and was oriented toward TM5 and TM6 to presumably
interact with the unresolved receptor intracellular loop (IL)3. As it was difficult to discern
whether the structural deviation of the hgh4 was attributable to specific Gai/Gag structural
differences or to the presence of the interacting loop unresolved in the X-ray template, we
decided not to refine the initial mini-Gi HM and to restrict our analysis to the immediate
As3AR/mini-Gi protein interface. As shown in Figure S3, the sequence of the modeled mini-
Gi is highly conserved in the three hGa, subtypes. Therefore, our modeling approach,
although containing limitations, can provide valuable insights into R*G states of other Gi-
coupled receptors.
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The available computing resources allowed us to simulate approximately 0.6 s per system
within a reasonable amount of time (~3 weeks/system). By considering the number of HMs
and receptor states that we intended to simulate (4 HMs in 3 different states for a total of 12
systems), we performed multiple short simulations (0.2 us) in triplicate rather than a single,
long simulation. It has been recently demonstrated that conclusions drawn from multiple
shorter replicates are more reliable than those from a single, longer simulation [25]. Due to
the relatively short time simulated, insufficient to detect large-scale TM movements and
reorganization, we intentionally did not model the receptor activation as a conversion from
the R to the R* state and investigated each receptor state separately. In particular, we
analyzed the MD trajectories of the WT R, R*, and R*G states to detect signatures of
inactive, active and active-coupled states, respectively, and used them to analyze the CAM
simulations. We inspected in detail the differences between R and R* and between R* and
R*G states of the receptor by analyzing the variations of: (i) salt-bridges persistency (Psb)
and H-bond patterns, (77) the rotameric state of the conserved W243%48 residue, (7ii) the
presence of Na* ions at the E191-39 and the conserved D582-°0 sites, and (7v) the TM domain
hydration.

The Psb parameter indicates the percent simulated time in which the N-O distance of
oppositely charged residues was <4.0 A. The rotameric state of the conserved W2436-48
residue was evaluated by computing the side chain 1 and x> values and their corresponding
conformations (Figure S6) during the trajectories. The presence of the Na* ions was
expressed as percent simulated time in which the ion was at a distance < 4.0 A from the
E191-39 and D582 side chains. The TM domain hydration was evaluated as the number of
water molecules present within the TM bundle. The average Root Mean Square Deviation
(RMSD) and Fluctuation (RMSF) of the hA3AR alpha carbon atoms (Ca.) were used to
measure model stability and to select a representative trajectory for each system for
visualization purposes. All the above mentioned estimates were expressed as average values
computed over three independent replicates.

2.2 Analysis of hA3AR Inactive State R

As highlighted in Table 1, the WT receptor in the R state featured four ion-pairs constituting
two intrahelical and two interhelical salt-bridges that persisted for > 50% of the simulation
time. Electrostatic interactions between two non-conserved residues at the EC tip of TM5
(D175530-R1735-34 Psh: 98+1%), and two highly conserved residues at the IC tip of TM3
(D107349-R1083-50, Psh: 76+12%) formed the two intrahelical salt-bridges. The interhelical
salt-bridges, D199°-60-K1133-55 (Psh: 74+22%) and E2256-30-R1113-53 (Psh: 76+12%),
connected the IC tip of TM3 to TM5 and TMB, respectively. Of the above-mentioned ion-
pairs, non-conserved D175%30-R173%34 and D1995-60-K 113355 |ikely represent an intrinsic
feature of this receptor, and the conserved D1073-49-R1083-50 [26] and the novel E2255-30-
R1113-53 salt-bridges presumably stabilize the receptor inactive state (Figure 1A and Video
S1). Notably, in a hA;AR X-ray structure in complex with an antagonist [22], the D>-60-
K3-55 side chains lay close (although not interacting) and the E®-30-R3-53 pair formed a salt-
bridge, therefore suggesting that those are features shared by Gi-coupled ARs. We
hypothesize that the E6-30-R3-53 salt-bridge represents an alternative ionic lock, /e. a salt-
bridge locking the receptor in a specific conformation, which is also feasible only in opsin-3
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and -5, according to Class A GPCRs structure-based sequence analysis [27]. From the
above-described analysis, we therefore identified the presence/persistency of D107349-
R1083-50 and E2256-30-R1113-53 salt-bridges as inactive state signatures (Figure 1A) and
used them to compare the R state of CAMs to the WT (Video S1).

The conservative R108K mutation negatively impacted the persistency of the inactive state
signatures [26], as the E2256-30-R1113-53 salt-bridge was less persistent with respect to the
WT model (Psh: 27+11% vs 54+22 for the R108K and the WT, respectively) and the
D107349-K1083-%0 salt-bridge (virtually corresponding to the D1073-49-R1083-%C jon-pair)
was not formed. During the MD simulations (Video S1), both the N-O distance and the side
chain geometry of those two vicinal residues were not compatible with salt-bridge
formation. Instead, the K1083-50 faced the IC environment and established a salt-bridge with
E2256-30 (Figure 1B, Psh: 86+12%), therefore engaging in an alternative ionic lock.

The non-conservative R108A mutation strongly impacted the persistency of both inactive
state signatures (Figure 1C and Video S1). The unavailability of a positively charged residue
at position 3.50 did not allow the formation of a salt-bridge with the nearby D10734°
residue. Moreover, the E225%-30-R1113-53 jonic lock persistency was also considerably
decreased (Psb: 21+15%).

The non-conservative A229E mutation also decreased the persistency of both inactive state
signatures. With respect to the WT model, the D107349-R1083-%0 persistency decreased
(Psh: 34+9%), while the E225%-30-R1113-53 jonic lock was not detected. However, as
depicted in Figure 1D, the newly introduced E2296-34 and R1113-53 side chains engaged in a
salt-bridge, therefore creating an alternative ionic lock (Psb: 72+26%).

As detailed in Table 2, the CAMs featured average higher Ca. RMSD and RMSF values with
respect to the WT. As a probable result of a less rigid receptor structure, in the CAMs the
TM domain hydration increased by ~6-13% (Table 3). Two Na* ions were detected in
proximity to the conserved E191-39 and D582-%0 side chains (Table 3), and a network of H-
bonds involving T462-38, T47239 and Y118 (a conserved residue in 1L2) stabilized the side
chain of D10734% in all the receptors (Video S1). The x1/x angles of W243648
predominately adopted (trans, gauche) #g(-) conformations, with the exception of the
R108K hA3AR mutant for which the g(=)g(-) conformation predominated (Table 3).

2.3 Analysis of hA3AR Active State, R*

The WT R* state featured a different pattern of salt-bridges with respect to the R state
involving residues in the IC tips of TM3, TM5 and TM6 (Table 1). The putative ionic lock
E2256-30-R1113-53 was broken (Psh: 09%), as E2256-30 interacted with the conserved (R/K in
43% of class A GPCRs) R205°66 (Psh: 82+10%). The latter salt-bridge was already present
in the hAaAR X-ray template and, according to our MD analysis, helps stabilize the
outward displaced TM6. Another characteristic interaction in the WT R* state was an
intrahelical salt-bridge connecting D107349 of the conserved DRY motif and R1113-23 (Psh:
69+14%), a residue conserved in Gi-coupled ARs. D107349-R1113-53 formation was favored
by the conformational change of R1083-°0, which faced the a5 subunit of the co-crystallized
mini-Gs protein in the X-ray template. Although in the R* model we did not include the Gi
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protein mimic, during the MD simulations, the side chain of R1083-50 facing the unoccupied
IC environment was stabilized by a network of H-bond interactions involving Y107°-58 and
Y2827-53 (Video S2). From the analysis of WT trajectories, we identified the presence/
persistency of the D1073-49-R1113-53 and E2256-30-R2055-66 salt-bridges as active state
signatures (Figure 2A).

In the R108K mutant hA3AR (Figure 2B), the persistency of both active state signatures
increased. The D107349-R1113-53 and the E2256-30-R205°-66 salt-bridges were more
persistent with respect to the WT model (D1073-49-R1113-53: 69+14% vs 92+1% for the WT
and R108K HMs, respectively; E2256-30-R2055-66: 82+10 vs 89+9% for the WT and R108K
HMs, respectively). During the MD simulations (Video S2), K1083-50 faced the I1C
environment and did not engage in specific interactions with other residues (Table 1).

The R108A mutation (Figure 2C and Video S2) strongly favored D107349-R1113-53 salt-
bridge formation (Psb: 96+5%) while decreasing the E2256-30-R2055-66 salt-bridge
persistency.

Analogously to the R108A mutation effect, in the A229E mutant hA AR the D107349-
R1113-53 salt-bridge persistency increased, and the E2256-30-R205°66 salt-bridge persistency
decreased with respect to the WT (Table 1). As emerged from trajectory analysis (Video S2),
the availability of an additional charged residue in TM6 favored the formation of an
alternative/additional salt-bridge, E2296-34-K2306-35 (Psh: 44+4%), that competed with the
E2256-30-R2055-66 signature (Figure 2D). As in the WT R* model, the A229E R* mutant
receptor featured additional R1083-%0 side chain stabilization through water-mediated H-
bond interactions with the Y107°-58 and Y2827-53 side chains, although less persistent with
respect to the network observed for the WT R* model (Video S2).

The R* CAMs featured average lower Ca RMSD and RMSF values with respect to the WT
and to their respective R HMs (Table 2), while increasing by ~6-9% the TM domain
hydration with respect to the WT (Table 3) probably as an effect of a more stable opened
receptor conformation. All the R* HMs featured a single Na™ ion residing in proximity to
the conserved E191-39 side chain and predominant g(-) g(-) conformations for the xX1/x2
angles of conserved W2436-48,

2.4 Analysis of the hA3AR Active-Coupled State, R*G

The introduction of the mini-G; model increased the WT R* hA3AR stability (Ca RMSD,e
for the A3AR: 2.71 vs 3.40 A for the R*G and R* HMs, respectively), although this HM was
found to be less stable than in the R state (Ca. RMSDjye: 1.92 A). This stabilization was not
observed for the CAMs, as their R* states proved to be more stable than the R*G HMs
(Table S1 and S2).

In the R*G WT model simulation, the persistency of various active state signatures
decreased: the D1073-49-R1113-53 salt-bridge was absent, and the E225%-30-R205°-66 salt-
bridge persisted for ~56% of the time (Table S1). The inspection of the trajectories
highlighted alternative interaction patterns involving the R1113-53 side chain, that
established H-bond and salt-bridge interactions with N347H5-19 (using the CGN notation for
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G proteins [28]) and D3505-22 residues located in the a5 segment of the Ga,; model (Figure
3A and Video S3). The D107349 side chain maintained a persistent H-bond network with
T47239 and Y118 (1L2), that was detected in both R and R* HMs. The MD trajectory
analysis of the R*G CAMs (Video S3) showed a variation in the persistency of active state
signatures that was dependent upon the specific mutation (Table S2). All three mutants
maintained a stable D1073-49-R1113-53 salt-bridge (Figure 3B-D), although its persistency
decreased with respect to the corresponding R* models (Table S1). The E2256-30-R2055-66
salt-bridge was also more persistent in the R108K and R108A R*G models, whereas in the
A229E R*G model it persisted for ~15% of the time due to the competing E2295-34-
R2055-66 salt-bridge formation (Psh: 44+43%).

The Psb analysis at the interface between the WT hA3zAR and the Gaii subunit (Table 4)
highlighted specific interactions involving residues located in IL2 (K119 and R120), and at
the IC tip of TM5 (K207), and IL3/TM6 (K216). Of the above-listed residues, only K119
(IL2) is conserved in A; and Apg ARs. Along with electrostatic interactions, extended
hydrophobic contacts were established involving the IC tips of TM3 and TM5, IL2, and the
G; protein C-terminal domain. The contact surface involved the side chains of R1113-93,
V112354 V116 (I1L2), Y197558 1200561, 120364, 1204°65 and 208569 of the hA3AR and
1343H5.15 |344H5.16 | 348H5.20 Cc351H5.23 | 353H5.25 F354H5.26 of the Ga; subunit.

From the above described analysis, we identified the presence/persistency of salt bridges and
hydrophobic contacts at the interface between the hAzAR and the Ga,j subunit as active-
coupled state signatures. The CAMs showed a general increase in the persistency of salt-
bridges (Table S4). In all the MD simulations of the R*G HMs, favorable hydrophaobic
contacts between residues in the Ga; subunit C-terminal domain and residues in the hAzAR
TM5 and TM6 were detected (transparent surfaces in Video S3).

Similarly to the R* models, the R*G HMs featured one Na* ion in proximity to the
conserved E191:39 side chain and predominant g(-)g(-) conformations for the x1/x2 angles
of W2436-48 (Table S3). The TM hydration increased by ~20-30% with respect to the R
state HMs, but only modestly and not consistently with respect to the R* models (Table S3
and S7).

3. Discussion

Recent progress in structural biology has led to the determination of X-ray structures of
several class A GPCRs in complex with the Gs protein [29] or an engineered minimal Gsa
subunit [21]. Those structures represent valuable templates to model the fully active state
(R*G) of homologous GPCRs and to study their conformational states through modeling
techniques, such as MD. In this study, we modeled the WT hA3AR and three known CAMSs
in the R, R*, and R*G states by using the hA,aAR X-ray structures in different states as
templates. Gaining insight into receptor active and G-protein coupled states and their
comparison with the inactive state can aid the design of novel hA3AR agonists. Such
agonists could be useful for the treatment of various conditions, including pain, cancer and
inflammation [4,6]. This analysis can also help understand the molecular signatures
characterizing constitutive active mutants and help in designing engineered receptors by
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suggesting new mutation sites that can be validated experimentally and hopefully provide
atomistic details that can accelerate the hAzAR structure determination.

Initiating the MD analysis from different receptor states enabled us to run multiple short
simulations (0.2 ps in triplicate for each receptor model/state), thus enhancing the statistical
significance of the trajectory analysis and making a comparison with the experimental data
more reliable. Moreover, analyzing the dynamic behavior of each receptor state separately
allowed us to identify specific signatures pertaining to the considered state. Hence, we
derived signatures of inactive, active, and active-coupled states from the analysis of R, R*,
and R*G states, respectively (Figures 4 and S6). The notion of specific signatures
determining distinct receptor states arises from a large body of evidence identifying the
charged residues in the conserved DRY motif (TM3) and E/D6-30 as implicated in receptor
activation [26,30]. In particular, the formation of specific salt-bridges designated as “ionic
locks” has been proposed as a means for GPCRs to maintain an inactive state, although a
great variability was observed in the X-ray structures solved to date [31]. Very recently, the
analysis of GPCR X-ray structures coupled to different signaling proteins has shed light on
commonalities and similarities at the coupling interface [32]. Phylogenetic analysis of
human G proteins has identified “selectivity barcodes” in G proteins sequences that are
uniquely recognized by GPCRs [33].

From the WT hA3AR R state MD analysis we identified the presence/persistency of
D107349-R1083-50 and E2256-30-R1113-53 salt-bridges as inactive state signatures. In the
CAMs the persistency of these signatures was generally decreased. The mutant receptors
displayed a different pattern of salt-bridges at the interface between TM3 and TM6: the
D107349-R1083-%0 inactive state signature persistency was significantly compromised in
CAM s involving the conserved DRY motif, /.. the R108K3-%0 and R108A3-50 mutant
A3ARs; the E2256-30-R1113-53 signature was more impacted in the MD simulation of the
A229E5-34 mutant AzAR, due to the formation of an alternative salt-bridge involving the
newly introduced negatively charged residue that perturbed the local environment of
E2256-30, The alternative ionic locks detected in the R state CAMs are presumably not as
efficient as the proper inactive state signatures in maintaining the receptor in the inactive
state, as the mutant hA3zARs were found to be generally less stable (average higher Ca
RMSD and RMSF values, Table2) than the WT receptor.

From the WT R* state analysis we identified persistent D107349-R1113-53 and E225%-30-
R205°-66 salt-bridges as active state signatures. In the CAMs, the D1073-49-R1113-53 salt-
bridge persistency increased. Notably, this active state signature was already detected,
although with lower persistency and a great inter-replicate variability, for the R108K (Psb:
26+46%) and R108A (Psb: 38+48%) mutant hA3ARs in the R state. The E2256-30-R2055-66
salt-bridge, on the other hand, was subjected to higher variability among the CAMs. The
A229E mutant hA3AR featured an additional interhelical salt-bridge (E229%-34-K23086-35,
Psh: 44+4%). Altogether, the different interaction networks presumably contributed to
stabilize the mutant hAzAR R* states, as they featured average lower Ca. RMSD values with
respect to both the WT and their respective R states (Table 2).
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These observations, together with the experimental evidence showing a higher degree of
activation for the A229E mutant hA3zAR [9] suggest that the active R* state stabilization
might play a major role in the constitutive hAzAR activation with respect to the inactive R
state destabilization. Our analysis also suggests that a less rigid structure resulting from the
R108K, R108A, and A229E point mutations enables a more conspicuous flow of water
molecules through the TM bundle (~6-10% increase in the TM domain hydration with
respect to the WT for both the R and R* CAMs, Table 3 and S7), which is believed to
initiate or be characteristic of GPCR activation34. Water molecules stabilized the R1083-50
side chain in the MD simulations of the WT and A229E R* states by mediating H-bonds
with the Y1975-58 and Y2827-33 side chains. This interaction pattern was detected in the X-
ray structure of a CAM metarhodopsin-Il in complex with a Ga. subunit C-terminal
fragment [35] and stabilized the G protein binding site.

The comparison between the R and R* states revealed two striking differences concerning
(7)) the presence of Na* ions in proximity to conserved negatively charged residues in TM1
and TM2, and (7i) the W243%-48 side chain rotameric state. In the MD simulation of the R
states two Na™ ions persisted in proximity to the conserved sites, interacting with the E191-39
and the D582-%0 side chains, respectively. Consistently with the known negative GPCR
allosteric modulation of Na* binding at the conserved D250 residue, during the MD
simulation of the R* states the D58%-0 site was unoccupied. On the other hand, a Na* ion
was found in proximity to the E191-39 side chain. Hence, our MD analysis suggests that the
presence of a Na* ion in proximity to the E191-39 side chain does not correlate with the
receptor state. However, as we simulated the receptors in the apo form, its relationship to
receptor-bound orthosteric ligands has yet to be determined. A more in-depth trajectory
analysis revealed that the Na* presence at the E191-39 site correlated with the motion at the
EC tips of TM1 and TM7 and that the conserved H2727-43 residue participated, directly or
indirectly, in its coordination (visual inspection, data not shown). SDM studies on the Appa
and A; ARs implicated E1-39 in agonist binding and receptor activation, and its association
with H”-43 was hypothesized [36,37]. A subsequent study by Gao et al. [38] investigating the
role of E1-39N and H7-43Y mutations in receptor regulation by Na* ions concluded that these
mutation effects were less pronounced compared to the well-characterized allosteric
modulation by the D220 residue with Na* ions present [15]. It was suggested that an
interaction between E1-3% and H”-43 might favor a receptor conformation that binds agonist
with higher affinity [38]. A,aAR MD studies investigated the possibility of a direct
interaction between the E1-39 and H”-43 side chains and concluded that, for an interaction to
occur, H”-43 must be protonated [39]. In our simulations, the H2727-43 side chain was
modeled as neutral with a hydrogen on the N&, and a Na* ion, therefore, mediating the
interaction with the E1-39 residue. However, it has to be verified if such an interaction pattern
is compatible with a nucleoside agonist bound to the receptor, as the H272743 side chain is
predicted to establish a H-bond with the ribose C2’ hydroxyl group. \Very recently, the free
energy profile and binding kinetics of Na* ions in several class A and B GPCRs have been
investigated by means of kinetic Monte Carlo simulations [40]. The authors suggested that
negatively charged residues in EL2 recognize the Na* ions approaching the receptors from
the extracellular medium. Residues at the interface with TM1 (including E1-3%) and TM7
were hypothesized to form a putative meta-binding site for the ions before their diffusion to
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the conserved D20 allosteric binding site. For class A GPCRs, the Na* ion diffusion was
associated with a W2435-48 rotameric switch (belonging to the highly conserved CWxP
motif).

Interestingly, we also detected different preferences for W2436-48 side chain x1/x 2 angles
that correlated with the receptor states. Specifically, the #g(-) conformer predominated in
the R state, whereas in the R* state the g(~)/g(-) conformer was preferred. The W2436-48
side chain was subjected to higher fluctuations in the inactive state and the MD simulations
of the R108A mutant hAzAR, therefore suggesting that changes in the interaction pattern at
the interface between TM3 and TM6 might trigger this microswitch [31]. To date, the role of
the aromatic8-48 side-chain in GPCR activation is still a matter of debate [31]. It was early
considered an activation microswitch, following spectroscopic evidence revealing changes in
the residue environment upon rhodopsin activation [41.42]. However, as this switch has not
yet been observed in the X-ray structures of active GPCRs, except the active-intermediate
neurotensin receptor structures [43], its involvement in receptor activation has been
questioned. On the other hand, it has to be emphasized that early hAz3AR SDM data showed
that the W2436-48A/F mutations impaired agonist-mediated receptor activation, while not
affecting agonist binding [10]. A subsequent study confirmed the critical role of this residue
in A3AR activation and reported changes in agonist efficacy and signaling bias for the
W243648F AsAR mutant [44]. In line with these experimental observations, both docking
and MD studies on hAzAR HMs based on different templates reported W2436-48 side chain
conformational changes dependent on the receptor state [45-47]. In addition, MD studies
performed on other class A GPCRs, thereby surveying a variety of X-ray structures and
models, highlighted conformational changes involving the conserved W6-48 side chain [48—
50]. It is conceivable that the receptor state in which this conformational change occurs
represents a transient species that might be difficult to observe experimentally. In support to
this hypothesis, very recently, NMR studies in solution and X-ray crystallographic studies of
the hA>aAR and its mutant receptors detected major conformational changes in proximity to
WB6-48 hetween inactive and active-like states [51,52].

The active-coupled state signatures detected from the interaction analysis at the receptor/Ga.;
subunit interface in WT R*G involved residues located in IL2, and at the IC tip of TM5 and
IL3/TM6. The most persistent salt-bridges were the K2075-68-D341PG-H5.13 gnd R120!L-2-
D193DGs23.02 jonic locks. Extended hydrophobic contacts connected the IC tips of TM3
and TM5, and the G; protein C-terminal domain. Although the MD analysis of the CAM
R*G states showed a general increase in the persistency of both activation and active-
coupled state signatures, the salt-bridges displayed a greater inter-replicate variability (Table
S4) and depended more on the specific mutation considered, making it difficult to draw
general conclusions. It is therefore conceivable that the coupling interface might vary from
the WT to the CAM hA3ARs and, probably due to the approximation introduced by the
mini-Gi HM, this variation could not be correctly predicted in our HMs.

In conclusion, we have sampled local conformational dynamics to identify hA3zAR inactive,
activate and active-coupled state signatures and investigated the effects of CAMs and a Gi
protein mimic on those signatures. Our MD analysis suggests that constitutive activation
might arise from the D1073-49-R1083-%C ionic lock destabilization in R and the D1073-49-
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R1113-53 jonic lock stabilization in R* that presumably lowers the energy barrier associated
with an R to R* transition. Furthermore, constitutive activation might also imply that other
interactions stabilize the R*G state through salt-bridges (Figures 4 and S6) and favorable
hydrophobic contacts. Notably, while this manuscript was in preparation, a cryo-EM
structure of the hA1AR in complex with the Gi protein was solved (PDB ID: 6D9H) [53]
featuring three among the activation and active-coupled state signatures here hypothesized
for the AzAR: (i) the D3-49-R3-53 jonic lock, (ii) a K213%71-D341PGH5.13 s3|t-bridge
virtually corresponding to the K2075-68-D341PG-H5.13 jnteraction in the AsAR, and (iii) the
R3-53.p350G-H5-22 gat-pridge that, although not persistently, was observed in the simulation
of the WT A3AR (Figure 3).

Our study establishes the basis for further investigation of residues implicated in stabilizing
the inactive and active states of other related Gi-coupled GPCRs, which hopefully will
enhance our understanding of receptor structure and function.

4. Methods

Protein preparation.

To model the receptor inactive state (R), we buitda homology model based on the high-
resolution hA,pAR X-ray structure in complex with an antagonist (PDB ID: 4EIY). To
model the receptor active (R*) and G protein-coupled fully active (R*G) states, we built a
hA3AR homology model based on the hA;aAR X-ray structure in complex with an agonist
and coupled to the engineered mini-Gs protein (PDB ID: 5G53). As in the X-ray template
EL2 was not fully resolved, we modeled this portion from the high-resolution antagonist-
bound hA;aAR X-ray structure (PDB ID: 4EI1Y). The template structures were retrieved
from the RCSB Protein Data Bank (PDB) [54] (http://www.rcsb.org), and the FASTA
sequences of the hA3AR (Uniprot ID: PODMS8) and the human Gi protein a; subunit
(Uniprot ID: P63096) were retrieved from the UniProt database [55]. The HMs were built
with Prime (Schrodinger, Inc.) by using the knowledge-based method and the ClustalW
alignment, which was manually refined (Figure S1). Domains and portions of the G protein
absent in the X-ray template (i. e. the N-term alpha helix and the whole helical domain)
were not modeled, whereas missing loop regions where reconstructed using the default loop
modelling protocol as embedded in Prime. The models were prepared with the Protein
Preparation Wizard tool implemented in the Schrodinger suite [56] by optimizing hydrogen
atoms (OPLS3 force field, 0.30 A convergence criterion for heavy atoms RMSD). The
histidine protonation states were determined according to H-bond patterns with surrounding
residues and solvent exposure as follows: His272743/322G-56-4 were protonated on the N&;
His195G-53-2/188G-52.5 ere doubly protonated, and all the other His residues were
protonated on the N¢. After the WT HM preparation, CAMs were built by mutating specific
sites with the Mutate Residues tool implemented in Maestro.

Molecular Dynamics.

MD system setup, equilibration, and production were automatized by exploiting the HTMD
[57] module (Acellera, Barcelona Spain, version 1.9.4). The HMs were embedded into an 80
x 80 A (R and R* states) or a 90 x 90 A (R*G state) 1-palmitoyl-2-oleoyl-sr-glycero-3-
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phosphocholine (POPC) membrane leaflet generated through the VMD Membrane Plugin
tool [58]. Overlapping lipids (within 0.6 A) were removed upon protein insertion, and the
systems were solvated with TIP3P [59] water and neutralized by Na*/CI~ counter-ions that
were added to reach a final physiological concentration of 0.154 M. The approximate total
number of atoms for each model was: ~72,000 atoms (R and R*), and ~127,000 (R*G). MD
simulations with periodic boundary conditions were carried out with ACEMD (Acellera,
version 2016.10.27) [60] using the CHARMMS36 [61,62] force field and a cubic box
extending on the z axis by at least 20 A from protein atoms. The systems were equilibrated
through a 5000-step minimization followed by 40 ns of MD simulation in the NPT ensemble
by applying initial constrains (0.85 for alpha carbon atoms, and 0.40 for the other protein
atoms) that were linearly reduced after 20 ns. During the equilibration, the temperature was
maintained at 310 K using a Langevin thermostat with a low damping constant of 1 ps~1,
and the pressure was maintained at 1 atm using a Berendensen barostat. Bond lengths
involving hydrogen atoms were constrained using the M-SHAKE [63] algorithm. The
equilibrated system was subjected to 200 ns of unrestrained MD simulation run in triplicate
(NVT ensemble, timestep = 2 s, damping constant = 0.1 ps~1). Long-range Coulombic
interactions were handled using the particle mesh Ewald summation method (PME) [64]
with grid size rounded to the approximate integer value of cell wall dimensions. A non-
bonded cutoff distance of 9 A with a switching distance of 7.5 A was used.

The simulations were run in part on an in-house built cluster equipped with three 970, two
980Ti, and one 1080 NVIDIA GTX GPUs (Nvidia, Santa Clara, CA) and in part by
exploiting the High-performance computational capabilities of the Biowulf Linux GPU
cluster at the National Institutes of Health, Bethesda, MD (http://biowulf.nih.gov).

MD Trajectory Analysis.

MD trajectory analysis was performed with in-house bash and tcl scripts exploiting the
RMSD trajectory (RSMDTT) and the Salt Bridge plugins implemented in VMD [58].
Selection of a representative trajectory for each model/mutant was based on average Ca
RMSD. Salt-bridge persistency (Psb) was previously defined [65] as the percent total
simulation time in which the N-O distance of each identified pair of oppositely charged
residues was < 4.0 A. Na* persistency was expressed as percent simulated time in which a
Na* ion was within a distance < 4.0 A from the E19-3% and D582-%0 side chains. W243648
rotameric state was evaluated by computing the side chain 1 and x » values and expressing
the percent simulated time in which the corresponding conformations were adopted (Figure
S6). TM domain hydration was evaluated as the number of water molecules present within
the TM bundle by using the hydrophobic tail of the lipid molecules (C21 atoms of POPC
residues) as membrane boundaries. All the above-mentioned quantities were expressed as
average values computed over three independent replicates. Structures in Figures 1-3
represent the middle structures of the most populated clusters of selected trajectories
(indicated in bold in Table 2). Cluster analysis was performed with GROMACS [66] (v
5.1.2) using the GROMOS clustering algorithm and a RMSD cutoff of 2.0 A.
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Augmented Reality Models.

The selected hA3AR WT conformations (R, R* and R*G) displayed in panel A of Figures
1-3 were rendered as augmented reality (AR) models as follows: the protein representations
were exported as Wavefront files (.obj/.mtl) using VMD [58] (v. 1.9.3) and an in-house tcl
script. The so-obtained 3D models were post-processed using Blender (v. 2.79.0) through an
in-house python script to yield the final .fox AR models (Figure S8), that were imported and
inspected using the Unity game engine (v. 2017.1.3f1) for HoloLens [67] (see Video S4-S6
for a demos). These static views represent the most populated conformation of the selected
trajectory for each receptor state (highlighted in bold in Table 2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
3D representation of AzAR inactive state signatures that decreased in CAMs (trajectories

shown in video S1). Most persistent salt-bridges (range dashed lines) detected during 0.6 ps
of MD simulations of the R HMs. View of the intracellular side of most populated
conformations of the A) WT (magenta ribbons), B) R108K (yellow ribbons), C) R108A
(orange ribbons), and D) A229E (green ribbons) hAzARs. Selected residues (grey carbons,
stick representation) and TMs are labeled.
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Figure 2.
3D representation of AzAR active state signatures that increased in CAMs (trajectories

shown in video S2). Most persistent salt-bridges (orange dashed lines) detected during 0.6 ps
of MD simulations of the R* HMs. View of the intracellular side of most populated
conformations of the A) WT (magenta ribbons), B) R108K (yellow ribbons), C) R108A
(orange ribbons), and D) A229E (green ribbons) hAzARs. Selected residues (grey carbons,
stick representation) and TMs are labeled.
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Figure 3.
Active-coupled state signatures of AzAR that increased in a hypothetic complex with mini-

Gi (trajectories shown in video S3). Most persistent salt-bridges (orange dashed lines)
detected during 0.6 ps of MD simulations of the R*G HMs. View of the intracellular side of
most populated conformations of the A) WT (magenta ribbons), B) R108K (yellow ribbons),
C) R108A (orange ribbons), and D) A229E (green ribbons) hAzARs. The Gaj subunit is
represented as purple ribbons. Selected residues (grey carbons, stick representation) are
labeled. Residues belonging to the Ga,j subunit are labeled in italics.
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Figure 4.
Cartoon representation of interactions important for maintaining the three states of the WT

hA3AR. Positively and negatively charged residues are represented as blue and red ovals,
respectively. Salt bridges are depicted as magenta dashed lines.
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Table 1.
Persistency (% simulation time) of salt-bridges expressed as the average percent simulated time in which the
N-O distance of oppositely charged residues was < 4A calculated for each model/mutant over three
independent trajectories. Model legend: R: HM derived from the A,a%E!Y template; R*: HM derived from the
Appa3C53 - A, 0 4EIY template. Only salt-bridges occurring in TM domains and persisting for more than 40% of

the simulation time at least in one model/mutant are reported. Standard deviation is reported in parenthesis.
Detailed per replicate data are reported in Table S4.

Inactive (R) Active (R*)

Salt bridge WT R108K RI108A A229E WT R108K R108A A229E

Persistent irrespective of receptor state

D17553%0.R1735.342 98(1) 99(0) 99(0) 61(30) 93(11) 97(4) 88(20) 95(4)

D199560.K1 133558  74(22) 85(13) 42(23) 94(3) 85(5) 94(8) 89(5) 90(12)

Persistent in the inactive state (R)

DL07349.R/K108350 Y 54(22)  2(2) NA  34(9 ND ND NA ND
E225630-R/K108350 3(1) 8(12) NA ND ND ND NA ND
E229634-R111353 NA NA NA  72(26) NA NA NA ND
Eo25630.R11135%0  76(12) 27(21) 21(15)  1(0) ND ND ND ND

Persistent in the active state (R*)

D107348.R111353.C ND  26(46) 38(48) ND  69(14) 92(1) 96(5) 85(23)
E2256.3O_R2055.GSC ND ND ND ND 82 (10) 89 (9) 55 (32) 75 (8)
E2296-34-K2306-35 NA NA NA ND ND ND ND 44 (4)

a .. .
Intrinsic feature.

b . .
Inactive state signature.

c, .. .
Active state signature.

NA: not applicable. ND: not detected.
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Average Ca RMSD and RMSF values [A]. Standard deviation is reported in parenthesis. Trajectories selected
for visualization are in bold. Outliers in this table and in Tables S4 — S6 arise from the different initial seeds
(random atom velocities) assigned to each simulation, that can cause the systems to evolve towards slightly
different energy states representing local minima. As we simulated using classical MD, the systems cannot
escape these meta-stable states as no energy boost is applied. The outliers are an indication of the roughness of
the potential energy surface along the selected reaction coordinate. As we simulated HMs, they are not
unexpected, as local adjustments in sidechain and loop orientation might allow the system to evolve differently

from the initial state.

Table 2.

R R*
WT  RI108K RI108A A229E  WT RI108K RI108A A229E
RMSD
Runp 263 4.04 291 388 340 3.50 284 284
(0.62) (0.83) (0.81) (0.89) (056) (0.76)  (0.55)  (0.80)
Run2 252 318 356 397 373 3.15 316 240
(048)  (0.63) (0.75) (0.70) (0.75)  (0.57)  (0.80)  (0.47)
Run3 192 3.37 242 300 356 2.40 259 255
(0.20) (051) (0.34) (0.58) (0.66) (0.47)  (0.30)  (0.33)
RMSF
Runp 174 1.96 195 200 1.9 1.80 207 208
(0.32)  (043) (0.32) (0.37) (0.32) (0.64) (0.45)  (0.69)
Runz 164 1.95 198 198 205 212 188 153
(031)  (0.49) (055) (0.39) (029) (0.79) (0.31)  (0.53)
rung 127 1.74 148 185 163 1.68 167 165
(0.16)  (0.34) (0.21) (0.23) (0.46) (0.29) (0.28)  (0.37)
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Table 3.

Page 23

Conformation of W243 and presence of sodium ions and water molecules in the TM bundle. Percent simulated
time in which the conserved W2436-48 residue x1 and - 2 values adopted either a gauche (g) or trans (1)

conformation (see Figure S6 for angles definitions and values). Percent simulated time in which a Na* ion was

in proximity to E191-3% and/or D582-50 side chain (Na*-side chain distance < 4A). Number of water molecules
(NumWat) present within the TM bundle. All values represent averages calculated over three independent
trajectories. Detailed per replicate data are reported in Table S5-S7.

Inactive (R) Active (R*)
W243 W243 x, Na* NumWat W243 x1 W243 x, Na* NumWat
Mutation g+ t g g+ t g EI9 D58 gt t g g+ t g~ E19 D58
WT 0 75 25 34 3 64 70 61 317+24 0 0 100 0 0 100 79 0 374+20
R108K 0 32 68 5 4 91 19 91 351425 0 0 100 0 0 100 97 0 410+24
R108A 0 81 19 2 4 9% 36 96 337+3 0 20 80 0 13 87 84 0 409+22
A229E 0 62 38 29 3 69 71 54 359+21 0 0 100 0 0 100 99 0 398+22
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Persistency of salt-bridges at the interface between the hA3AR and the Ga protein expressed as average

Table 4.

Page 24

percent total simulation time (calculated over three independent trajectories) in which the N-O distance of
oppositely charged residues was < 4A. Standard deviation is reported in parenthesis. Detailed per replicate
data are reported in Table S4.

R*G
Salt bridge wWT R108K RI108A A229E
D341%K207568  91(8)  93(7) 92(10) 91(9)
D193%R120 45(36) 66(28) 58(29) 31 (46)
E3lg?koo7568  8(13) 57(39) 1727 3P
EazdKiiole  34(34) 57(31) 57(22) 45(19)
E33%R1202  24(41) 33(38) 35(31) 68(53)
D315%K22482¢ 32(31) ND  62(15) ND

aResidue of the Gaj subunit.

b

E318-R2245-29: 16 (25)
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