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1 Alignment of Hat and Human A1R and A2aR

Alignment of the rat and human proteins, as calculated with Clustal Omega.1

Pocket-lining residues for the four sequences are marked with asterisks. It
is to be noted that murine and human A1R and A2aR have high sequence
similarity (82.9% and 94.8% for A2aR and A1R, respectively), particularly in
the orthosteric site region, which allows us to extrapolate useful information
for the studying ligand selectivity on the human receptors. In the case of
A2aR, for which binding a�nities of ZM241385 are available both for human
and rat receptor, the selectivity pattern is closely preserved, as can be seen
in Table 1 of the main text.

A1R

sp|P25099|AA1R_RAT MPPYISAFQAAYIGIEVLIALVSVPGNVLVIWAVKVNQALRDATFCFIVSLAVADVAVGA 60
sp|P30542|AA1R_HUMAN MPPSISAFQAAYIGIEVLIALVSVPGNVLVIWAVKVNQALRDATFCFIVSLAVADVAVGA 60

sp|P25099|AA1R_RAT LVIPLAILINIGPQTYFHTCLMVACPVLILTQSSILALLAIAVDRYLRVKIPLRYKTVVT 120
sp|P30542|AA1R_HUMAN LVIPLAILINIGPQTYFHTCLMVACPVLILTQSSILALLAIAVDRYLRVKIPLRYKMVVT 120

** *
sp|P25099|AA1R_RAT QRRAAVAIAGCWILSLVVGLTPMFGWNNLSVVEQDWRANGSVGEPVIKCEFEKVISMEYM 180
sp|P30542|AA1R_HUMAN PRRAAVAIAGCWILSFVVGLTPMFGWNNLSAVERAWAANGSMGEPVIKCEFEKVISMEYM 180

sp|P25099|AA1R_RAT VYFNFFVWVLPPLLLMVLIYLEVFYLIRKQLNKKVSASSGDPQKYYGKELKIAKSLALIL 240
sp|P30542|AA1R_HUMAN VYFNFFVWVLPPLLLMVLIYLEVFYLIRKQLNKKVSASSGDPQKYYGKELKIAKSLALIL 240

* ** ** * * * *
sp|P25099|AA1R_RAT FLFALSWLPLHILNCITLFCPTCQKPSILIYIAIFLTHGNSAMNPIVYAFRIHKFRVTFL 300
sp|P30542|AA1R_HUMAN FLFALSWLPLHILNCITLFCPSCHKPSILTYIAIFLTHGNSAMNPIVYAFRIQKFRVTFL 300

sp|P25099|AA1R_RAT KIWNDHFRCQPKPPIDEDLPEEKAED 326
sp|P30542|AA1R_HUMAN KIWNDHFRCQPAPPIDEDLPEERPDD 326

A2aR

sp|P29274|AA2AR_HUMAN MPIMGSSVYITVELAIAVLAILGNVLVCWAVWLNSNLQNVTNYFVVSLAAADIAVGVLAI 60
sp|P30543|AA2AR_RAT ---MGSSVYITVELAIAVLAILGNVLVCWAVWINSNLQNVTNFFVVSLAAADIAVGVLAI 57

sp|P29274|AA2AR_HUMAN PFAITISTGFCAACHGCLFIACFVLVLTQSSIFSLLAIAIDRYIAIRIPLRYNGLVTGTR 120
sp|P30543|AA2AR_RAT PFAITISTGFCAACHGCLFFACFVLVLTQSSIFSLLAIAIDRYIAIRIPLRYNGLVTGVR 117

1



** *
sp|P29274|AA2AR_HUMAN AKGIIAICWVLSFAIGLTPMLGWNNCGQPKEGKNHSQGCGEGQVACLFEDVVPMNYMVYF 180
sp|P30543|AA2AR_RAT AKGIIAICWVLSFAIGLTPMLGWNNCSQKD--GNSTKTCGEGRVTCLFEDVVPMNYMVYY 175

sp|P29274|AA2AR_HUMAN NFFACVLVPLLLMLGVYLRIFLAARRQLKQMESQPLPGERARSTLQKEVHAAKSLAIIVG 240
sp|P30543|AA2AR_RAT NFFAFVLLPLLLMLAIYLRIFLAARRQLKQMESQPLPGERTRSTLQKEVHAAKSLAIIVG 235

* ** ** * * * *
sp|P29274|AA2AR_HUMAN LFALCWLPLHIINCFTFFCPDCSHAPLWLMYLAIVLSHTNSVVNPFIYAYRIREFRQTFR 300
sp|P30543|AA2AR_RAT LFALCWLPLHIINCFTFFCSTCRHAPPWLMYLAIILSHSNSVVNPFIYAYRIREFRQTFR 295

sp|P29274|AA2AR_HUMAN KIIRSHVLRQQEPFKAAGTSARVLAAHGSDGEQVSLRLNGHPPGVWANGSAPHPERRPNG 360
sp|P30543|AA2AR_RAT KIIRTHVLRRQEPFQAGGSSAWALAAHSTEGEQVSLRLNGHPLGVWANGSATHSGRRPNG 355

sp|P29274|AA2AR_HUMAN YALGLVSGGSAQESQGNTGLPDVELLSHELKGVCPEPPGLDDPLAQDGAGVS-------- 412
sp|P30543|AA2AR_RAT YTLGLGGGGSAQGSPRDVELPTQER------QEGQEHPGLRGHLVQARVGASSWSSEFAP 409

sp|P29274|AA2AR_HUMAN - 412
sp|P30543|AA2AR_RAT S 410

2 Supplementary Methods

2.1 System Setup

The crystal structures of the human A1 and A2a receptors were downloaded
from the Protein Data Bank (A1R: 5N2S,2 A2aR: 5IU43). After correct-
ing mutations and removing the apocytochrome b562 (bRIL) inserted in the
ICL3 loop or at the N-terminus, missing loops were modelled with MOD-
ELLER 9.194 and the proteins were embedded in a pre-equilibrated POPC
membrane. The membrane was then aligned to the XY plane, resulting in
the main axis of the GPCRs and the Z axis being close to parallel.

With the exception of the A2aR-ZM241385 system, the ligands were
placed in the binding pockets by superposition of the proteins onto the crystal
structure of A2aR. Histidines exposed to the solvent were protonated. The
complexes were solvated with TIP3P water and chloride ions were added
to balance the net charge. Ligands were parametrised with the generalised
AMBER force �eld (GAFF)5 and charges were calculated using Gaussian096

with a 6-31G* basis set at the Hartree-Fock level. Protein, water and ion
parameters were generated with AMBER14SB force �eld,7,8 and the phos-
pholipid topology was downloaded from LipidBook.9 All simulations were
run using GROMACS 5.1.410 with the PLUMED 2.3.1 plugin11 in the NPT
ensemble. Temperature and pressure were enforced with the V-rescale ther-
mostat,12 and the Parrinello-Rahman barostat.13 Electrostatics were treated
with the PME-Switch algorithm and the cuto� for van der Waals and elec-
trostatic interactions was set to 1.0 nm.

2.2 Equilibration

Clashes were �xed by energy minimization using a steepest descent integra-
tor until the maximum force exerted on the atoms dropped below 1000.0
kJ/mol/nm. Over the span of 60 ns, the system were then progressively
heated from 100 K to 300 K in the NPT ensemble, applying positional re-
straints to the α carbons of the proteins. A 25 ns-long unrestrained molecular
dynamics simulation then followed.
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2.3 Unbiased Molecular Dynamics

For the unbiased molecular dynamics runs, a single 1 µs-long simulation was
run for each system, starting from the equilibrated conformations, at 300 K.

2.4 Metadynamics

The metadynamics14 simulations were run using a parallel tempering scheme.15

Six replicas for each system were equilibrated for 250 ps to temperatures from
300 K to 310 K, and in the production run exchanges were attempted every
1000 steps. Similarly to the setup used in our previous experience of the
reconstruction of binding free energy landscapes in GPCRs,16 the pocket-
ligand distance vector was calculated using the α carbon of the conserved
W6.48 at the bottom of the binding site and the center of mass of the carbon
and nitrogen atoms at the interface between the triazole and triazine rings
of the ligands. Z-projection was de�ned as the projection of the vector onto
the Z-axis, whereas XY-projection as the projection onto the XY-plane. In
all four systems, the POPC bilayer is parallel to the XY-plane, positioning
the opening of the orthosteric binding site along the Z-axis.

During the production metadynamics runs Gaussian hills were deposited
every 2 ps in the well-tempered scheme17 with a bias factor of 15. The
Gaussian width was set to 0.1 nm for the Z-projection and XY-projection

and to 0.033 nm for the salt bridge distance. In the simulations where two
CVs were biased the initial height was 1 kJ/mol, whereas in that biasing
three CVs it was set to 1.5 kJ/mol.

When reconstructing the binding free energy surface of the ligands with
A1R biasing Z-projection and XY-projection is was clear that the E172ECL2-
K265ECL3 salt bridge opening is a slowly equilibrating degree of freedom
that greatly hinders the di�usion of the ligand, and biasing it was necessary
to reach convergence. For ZM241385 the Z-projection - salt bridge distance
combination was adequate, while for LUF5452 adding XY-projection was
needed. The E172ECL2-K265ECL3 salt bridge distance was calculated using
the position of the carbonyl carbon of the glutamate side chain and εN of
the histidine imidazole ring.

The simulations were considered converged when the binding free en-
ergy estimate over time adopted an asymptotic behaviour. The �nal binding
a�nity was computed by calculating average and standard deviation of the
binding free energy over the last 100 ns of metadynamics simulation. A
funnel-like restraint was applied in order to limit the exploration of degener-
ate fully solvated states of the ligand.16,18 The functional form of the restrain
is a sigmoid in the space of the XY-projection CV:

r = h · 1

1 + es(z−z0)
+ b (1)

Where r is the XY-projection, h = 1.6 nm the funnel width (modulo b),
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s = 2 nm-1 controls the steepness of the function, z is the Z-projection CV,
z0 = 4 nm the in�ection point and b = 0.15 nm the minimum width. At the
funnel boundary, a quadratic repulsive potential was applied. The binding
free energy was then corrected for the presence of the restraint using Eq. 3
in the paper by Limongelli et al.18

3 Supplementary Figures

Figure S1: a) LUF5452 bound to the main binding site (top) and interact-
ing with the hydrophobic ECV site (bottom) during the parallel tempering
metadynamics simulation. The residues that are in close proximity to the
phenyl group of the ligand are labelled. b) Comparison of the distance be-
tween the cabonyl carbon of E172 and εN of H264 or K265 of A1R, recorded
in a parallel tempering metadynamics simulation of the A1R-ZM241385 sys-
tem where only Z-projection and XY-projection were biased. Throughout
the dynamics, K265 is likely to interact with the glutamate side chain and
in�uence the binding and unbinding processes.
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Figure S2: Distance between the primary exocyclic amine nitrogen of
LUF5452 and the carbonyl oxygen of N2456.55 of A1R throughout the unbi-
ased molecular dynamics simulation. Upon the rearrangement of the ligand
the distance between the two atoms increases from 3 Å to 6 Å, allowing
for one or more water molecules to mediate the interaction between the
compound and the residue side chain. The water hotspots calculated with
VolMap19 (red mesh) indicate a solvent hotspot between the two partners,
suggesting that the interaction is favourable.

Figure S3: GRID20 analysis of the protein cavity of A1R, from a represen-
tative snapshot of the unbiased molecular dynamics with LUF5452, with
the ligand interacting with the hydrophobic ECV pocket (red arrow). The
CH3 methyl probe (gray mesh, contoured at 1 kcal/mol) was used to de�ne
how close a ligand carbon atom can get to the surface of the protein. The
lipophilic C1= probe (yellow solid surface, contoured at -2.8 kcal/mol) high-
lights the lipophilic hotspots in the pocket. Note the overlap with the phenyl
ring of LUF5452. VIDA (OpenEye) was used for producing the �gure.
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Figure S4: Analysis of the unbiased MD simulations: a) Salt bridge distance
in the four systems over the simulations. b) Ligand RMSD. The di�erence
in stability between A1R and A2aR is clear from the plots. In the A1R-
LUF5452 simulation, at t=250 ns, the ligand spontaneously rearranged in
order to interact with the hydrophobic ECV pocket. c) Protein Cα RMSD
over the simulation. d) Superposition of A1R-LUF5452 (green) and A1R-
ZM241385 (blue). The water hotspots (at 1 σ) are shown as red surfaces.
The lack of sites of strong interaction for the solvent in the hydrophobic ECV
pocket (green arrow) is suggested by the lack of a hotspot.
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Figure S5: Cross sectional view of A1R (a, PDB 5N2S2) and A2aR (b, PDB
5IU43). Ligands not shown for clarity. The red circle indicates the accessory
hydrophobic ECV pocket, absent in A2aR.

Figure S6: Binding free energy landscapes of the systems onto the biased
variables. A1R-LUF5452 is the projection of the free energy onto Z-projection
and the E172ECL2-K265ECL3 salt bridge distance.
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Figure S7: Di�usion of the parallel tempering metadynamics simulations in
the Z-projection - XY-projection CV space.

Figure S8: Evolution of the computed binding free energy over the metady-
namics simulation time in comparison with experimental data.
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