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ABSTRACT: The crystal structure of the human A,, adenosine receptor, a member
of the G protein-coupled receptor (GPCR) family, is used as a starting point for the
structural characterization of the conformational equilibrium around the inactive

conformation of the human A, (A, and A, ) adenosine receptors (ARs). A homology

model of the closely related AypAR is reported, and the two receptors were simulated
in their apo form through all-atom molecular dynamics (MD) simulations. Different

conditions were additionally explored in the A, AR, including the protonation state of

crucial histidines or the presence of the cocrystallized ligand. Our simulations reveal

the role of several conserved residues in the ARs in the conformational equilibrium of

»

the receptors. The “ionic lock” absent in the crystal structure of the inactive A;,AR is
rapidly formed in the two simulated receptors, and a complex network of interacting
residues is presented that further stabilizes this structural element. Notably, the
observed rotameric transition of Trp6.48 (“toggle switch”), which is thought to initiate

the activation process in GPCRs, is accompanied by a concerted rotation of the conserved residue of the A, ARs, His6.52. This new
conformation is further stabilized in the two receptors under study by a novel interaction network involving residues in
transmembrane (TM) helices TMS (AsnS.42) and TM3 (GIn3.37), which resemble the conformational changes recently observed
in the agonist-bound structure of 3-adrenoreceptors. Finally, the interaction between Glul.39 and His7.43, a pair of conserved
residues in the family of ARs, is found to be weaker than previously thought, and the role of this interaction in the structure and
dynamics of the receptor is thoroughly examined. All these findings suggest that, despite the commonalities with other GPCRs, the

conformational equilibrium of ARs is also modulated by specific residues of the family.

protein-coupled receptors (GPCRs), the largest family of
membrane receptors in the human genome, are transmem-
branal proteins in charge of the transduction of signals across
cellular membranes." A delicate conformational equilibrium
between extreme active and inactive forms of these receptors is
behind the signal transduction, which is modulated toward
activation by the binding of their respective natural agonist.”
From a structural point of view, GPCRs share a conserved
topology: a helical bundle consisting of seven transmembrane
(TM) helices spanning the membrane, which are connected by
three extracellular (EL) and three intracellular (IL) loops. Recent
advances in structural biology have revealed that the largest
differences among GPCRs are located in their extracellular
halves, where ligand binding occurs.® A general phylogenetic
classification of the GPCR superfamily* shows well-defined
clusters, which can be related to the chemical nature of the
receptor’s natural ligand.
Adenosine receptors (ARs) make up one family of GPCRs,
which mediate the important extracellular role of the nucleoside
adenosine. Four AR subtypes exist, namely, A;, A,5, Asp, and A,
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with different signaling functions and tissue distributions. The
pharmacological interest in ARs as drug targets is widely recog-
nized because of the variety and importance of the physiological
functions mediated by them, as well as the associated
pathologies.” Pharmacological applications of AR chemical mod-
ulators include several inflammatory processes, where the role of
the A;5AR and A3AR is generally accepted,® or several respira-
tory pathological events such as allergic asthma, where the
nonselective AR antagonist theophylline is one of the main
treatments, although more selective A,gAR antagonists are in
clinical trials.” The use of adenosine itself in the treatment of
certain arrhythmias and the anti-infarct effect of other adenosine
agonists is mediated by the A,AR® while the A,,AR is involved
in vascular diseases such as hypertension or atherosclerosis.” ARs
are also involved in neural regulation in the central nervous system,
as exemplified by the well-known AR antagonist caffeine.'’
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The recent discovery of A;pAR—dopamine D, receptor hetero-
dimers in ganglial neurons led to increased interest in the Ay A AR
as a target for Alzheimer's disease.""

Given the high degree of biomedical relevance of the AR
family members, it is not difficult to understand the breakthrough
that meant the release of the hA;4AR crystal structure at a
resolution of 2.6 A.'> The structure represents one of the inactive
states of the receptor with the subtype selective high-affinity
antagonist ZM24138S bound to it. As in the case of the human
[B2-adrenergic receptor (h32),"? stabilization of the receptor was
achieved by substitution of the third intracellular loop (IL3) with
the T4 bacteriophage lysozyme (T4L fusion protein strategy).
The long C-terminus (Ala®""—Ser*'?) was deleted, while the first
two residues of the N-terminus and seven residues (149—155) of
the second extracelluar loop (EL2) were not determined,* which
probably indicated the high mobility of these regions. Despite
these limitations, the structure of the A,yAR—ZM241385
complex has revealed important particular features of the AR
family and offers a new scenario for the study of the ARs,
considering the high degree of sequence identity within their
members. As recently reviewed, the helical bundle orientation
and packing is similar among the GPCRs with known structures.>
The major differences are located in the loop regions and within
the binding site cavity. It is precisely the A;,AR that shows the
most divergence: the conformations of EL2 and EL3 are
constrained because of the presence of three extra disulfide
bonds, besides the one conserved in all GPCRs between EL2
and TM3. Additionally, the binding site not only is more shifted
toward helices TM6 and TM7, as previously suggested by s1te-
directed mutagenesis and molecular modeling studies of ARs,"
but also includes important direct interactions of residues at EL2
with the cocrystallized ligand.

Until very recently, GPCR crystal structures had been deter-
mined with either an antagonist or an inverse agonist bound, thus
stabilizing an inactive conformation of the receptor. An exception
to this rule was the opsin, the ligand-free active form of
rhodopsin,'® followed by very recent structures of /3 -adrenergic
receptors in different activelike conformations."””~"® The eluci-
dation of the structure and dynamic pathways, connecting the
ensemble of conformational states of a GPCR,” is a question of
major interest. According to the currently accepted GPCR
activation theories, two structural elements play a key role in
the activation process: (i) a salt bridge formed by residue Arg3.50
(see Materials and Methods for residue numbering), belongin
to the (E/D)RY motif, and Glu6.30 known as an “ionic lock”***
and (ii) the “toggle switch”, a term that refers to the rotameric
transition of Trp6.48 in TM6 While some authors propose
that a connection should exist between these two events,®
biophysical experiments with the 32-adrenergic receptor suggest
that the disruption of the ionic lock and the activation of the
rotameric toggle switch are not tightly coupled.** The ionic lock
is present in the inactive crystal structure of bovine rhodopsin but
not in the exper1mental structure representing a model of the
active form (opsin),'® which has led to the idea that the rupture
of this salt bridge is a switch in the activation process. Whereas
the very recently determined structure of the inactive Dj
dopamine receptor (D;DR) shows a formed ionic lock,>
disrupted TM3—TM6 ionic lock is observed in the rest of the
GPCRs crystallized in the inactive form (hA,,AR and tf1- and
h/32-adrenergic receptors).' A comparison of active and inactive
forms of (thod)opsins reveals that the degree of TM6 bending is
lower in the active conformation. This is accompanied by an

extension of the TMS and TM6 helical segments in their
intracellular part. Such observations are in agreement with the
activation theories proposed for the family of adrenergic
receptors”” and further confirmed by the very recently deter-
mined crystal structure of the nanobody-stabilized active state of
h32." Interestingly, the partial and full agonist-bound structures
of the 3-adrenoreceptors provide new insights into the dynamic
role of the connections among TM3 TMS, and TM6 in the initial
steps of the activation process.'”"®

With the availability of crystal structures, there has been a
renaissance of GPCR computational and structural studies.
Computational techniques like molecular dynarnics (MD)
51mulat10ns,267 protein—protein  docking,>’ and  virtual
screening®” have gone beyond the static crystallographic struc-
tures of the 3-adrenergic receptors and have allowed for a more
comprehensive exploration of the functionality of this family of
GPCRs. In particular, MD simulations have provided important
insights into delicate conformational changes such as the ionic lock
and its microenvironment in the [-adrenergic receptors. 26729
Additionally, computatlonal studies of rhodopsin employing the
LITiCON method,* prior to the release of the activated opsin
structure, and recent metadynamics simulations of the same
system>* already predicted the conformational events observed
in the rhodopsin activation process.

Two years after the release of the A, ,AR structure, some effort
has been spent on this, including the 1dent1ﬁcat10n of novel
chemotypes using structure-based virtual screening,® the pos-
tulation of the stabilization effect of cholesterol molecules in the
hAZAAR,36 and the influence of the saline concentration in the
formation of the ionic lock,* both items studied by MD
simulations on this particular receptor. Despite the importance
of these initial efforts, a deeper structural and dynamic explora-
tion of the ARs is clearly needed to gain comprehensive insight
into this particular family of GPCRs. In this work, all-atom
molecular dynamics simulations of the ligand-free structures of
the two human A, receptors (hA;4AR and hA,5AR) are per-
formed in a hydrated membrane model. Moreover, simulations
of the A;,AR evaluating different variables for further exploring
the results of the apo form of the receptor are conducted,
including the consideration of the cocrystallized antagonist
ZM?24138S. With this approach, conserved motifs in the GPCR
superfamily, identified by sequence®”*® and recent comparative
structural analysis,>* are deeply analyzed, and their role in the
conformational equilibrium of ARs is recognized. In addition to
the formation of the ionic lock and the characterization of the
connecting residues among transmembrane helices TM1, TM2,
and TM?7, we report a novel network of residues connecting
TM3, TMS, and TM6 that we propose to be an important step
for the activation process. The structural role of several particular
residues of the AR family arises, which is discussed in the context
of available experimental data.

Bl MATERIALS AND METHODS

Residue Numbering. The general GPCR numbering scheme
proposed by Ballesteros and Weinstein* was adopted through-
out this work because it allows a proper comparison between
different receptors. Briefly, every residue is labeled as X.YY, where
number X corresponds to the TM helix (from 1 to 7) and YY'is a
correlative number starting from the most conserved residue in
each helix (to which a YY value of 50 is assigned). Additionally,
the absolute receptor sequence number is indicated with a
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superscript when considered necessary (ie., loop regions),
following the corresponding Swiss-Prot sequences (P29274 for
A,AAR and P29275 for A,5AR).

Molecular Modeling of Adenosine Receptors. The struc-
ture of the Ay4AR in a complex with its potent inhibitor
ZM24138S was retrieved from the Protein Data Bank (PDB)
(entry 3EML). The missing regions of the receptor were
modeled by using Modeller version 9.4.*' These include a
fragment of EL2 ( P PKEGKNH"?), undetermined in the crystal
structure, and the IL3 segment (*’KQMESQPLPGERA™),
which was substituted with the T4 bacteriophage lysozyme in that
structure. The other two missing regions were not considered in
this work, i.e., a small N-terminal fragment ("MP?) and the 95-
residue C-terminus. Fifteen initial models of the missing regions
were built. The top five models, according to DOPEHR scoring,
were selected for further refinement with the LoopModel
routine.*” Thus, a pool of 10 models per input structure were
generated. One model per input structure was selected again
according to DOPEHR scoring, and a final selection among the
five candidates was done by a combination of visual inspection
and quality analysis using Procheck® and Molprobity.** The side
chain conformations of all Asn, Gln, and His residues were
assessed with Molprobity** and PDB2PQR™ prediction servers.
The Protein Preparation Wizard utility (Schrodinger LLC, New
York, NY) was employed to add hydrogens and initially define
protonation states of titratable residues and Ser/Thr rotamer
assigments. A deeper exploration of the protonation states of
Glul.39—His7.43 and Glu'® (5.30) —His>** (7.29) residue pairs
was performed with MCCE.*® Briefly, this software generates
side chain conformers for the residues under study, performs
continuum electrostatics calculations with DelPhi*” as the Pois-
son—Boltzmann equation solver, and performs a final titration
simulation employing Monte Carlo sampling. Twelve different
rotamers were generated for the aforementioned residues and
those within 0.4 nm of them. A slab of neutral atoms surrounding
the protein was added to mimic the effect of a cellular
membrane.*® Default parameters were employed for the rest of
the directives.

A partial energy minimization of the modeled loops was
performed on the selected structure with Macromodel,”” using
the Polak-Ribiere Conjugate Gradient (PRCG) with a conver-
gence criterion of 0.05, and the OPLS2005 force field>*! in
combination with the GBSA solvation model. The modeled
regions were unrestrained, applying a positional harmonic con-
straint (2 x 10*kJ mol " nm ™) to the rest of EL2 and any other
residue within 2 A of modeled regions, while the rest of the
protein was completely frozen.

The hA,pAR structure was obtained by homology modeling
using Modeller with the hA,,AR as a template. First, a multiple-
sequence alignment of multispecies A;,AR and A,5AR receptors
was generated with ClustalX2.0,%* using the PAM250 substitu-
tion matrix, and open and elongation gap penalties of 10 and
0.0S, respectively. In analogy with the A;,AR structure, the first
three residues of the N-terminus and the last 13 residues of the
C-terminus were discarded for the modeling. The modeling
protocol was adapted from that employed by some of us in the
GPCRdock2008 competition:** 15 initial models were obtained
using standard Modeller parameters, selecting the top five models
on the basis of the DOPEHR scoring function to be further
refined by means of the Molprobity server.** The best model was
selected using a compromise between the DOPEHR scoring and
the geometrical quality assessment of Procheck and used as a

starting point for a loop optimization procedure with the Loop-
Model routine of Modeller. Only the loop regions with no
secondary structure were subjected to this refinement step (i.e.,
the three extracellular loops, excluding the short helical fragment
I73FENV'7® of EL2, and IL3) and 15 models were generated.
The final selection was performed using criteria identical to those
used in the previous step: Procheck stereochemical quality and
the DOPEHR energetic ranking. The addition of hydrogens,
refinement, and optimization of the geometry of the loop regions
using energy minimization procedures were performed as de-
scribed above for the hA,,AR.

Insertion into the Membrane and Molecular Dynamics
Simulations. An automated protocol for the insertion of the
GPCR structures into an explicit membrane model, using a
combination of ad hoc Linux shell scripts and GROMACS
utilities, was developed. Briefly, the protocol consists of the
following steps. (i) The GPCR structure (hA,, or hA;pARs in
our case) is introduced into the center of a hexagonal prism-
shaped box with the receptor TM helices and the box symmetry
axes parallel to the z direction, with every side box walls at a minimum
of 2.0 nm and every top and bottom box walls at a minimum of
0.8 nm of any atom. (ii) A hydrated POPC gel-phase bilayer with
exactly the same dimensions as the box of the previous step, with
the hydrophobic phase parallel to the x—y plane and located at
half of the z dimension, is created from a larger bilayer preequili-
brated at 260 K, just by removing the excess of lipid and water
molecules. (i) The resulting bilayer was copied on the receptor
box. (iv) The water and lipid molecules overlapping any protein
atom were removed. (v) Cl ™~ ions are introduced to neutralize the
total charge of the receptor at physiological pH (from 6 to 12,
depending on the receptor and protonation state considered for
the histidine residues). The abovementioned gel phase instead of
a liquid-crystalline bilayer was employed to optimize the packing
of lipids around the AR model. The final systems consist of
approximately 14000 water and 200 lipid molecules, in addition
to the Cl™ ions and the receptor structure.

MD simulations were performed by applying the recently
published half-¢ double-pairlist method** to make compatible
the so-called Berger united atom parameters®>*® used for the
lipids with the OPLS-AA force field®>®' employed for the
receptor and ions. Simple point charge (SPC) water molecules®”
were included to solvate the systems. All the simulations were
performed using periodic boundary conditions in the three
spatial dimensions with hexagonal prism-shaped boxes. This
geometry allows us to optimize the use of the solvent with
respect to the rectangular prism, by saving 13.4% of the volume
for the same distance to the periodic images, and to increase the
isotropy of the unavoidable interaction of the receptor with its
periodic images. A semiisotropic Parrinello-Rahman barostat***’
was employed to maintain the pressure independently in the x—y
plane and in the z direction at 1 bar with a coupling constant of 2 ps.
The isothermal compressibility constant was 4.5 X 10> bar .
The temperature was kept constant at 310 K using a Nose-
Hoover thermostat®®® by coupling independently the lipid
molecules, the protein, and the water—ion groups with a
common period of 0.1 ps. A cutoff of 1.2 nm was employed for
the Lennard-Jones potential. The long-range interactions were
calculated using the particle mesh Ewald method®®" with a
1.2 nm real space cutoff, a 0.15 nm space grid, and a fourth-order
B-spline interpolation scheme to optimize the computational
performance, giving a PME load of ~25%. The initial velocities
of the atoms were randomly assigned to produce a Maxwell
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distribution corresponding to the temperature at which the
simulation will be performed. The equations of motion were
integrated using the leapfrog method®” with a 2 fs time step. The
bonds lengths and H—O—H angle in water were constrained
using the SETTLE algorithm,é3 while the LINCS algorithm64
was used to constrain bond lengths in the protein and lipid molecules.
All the simulations were performed using GROMACS®**
version 4.0.5. Simulations of POPC lipid bilayers at different
temperatures using the same parameters were performed to
ensure that they reproduce the experimental area per lipid and
the right deuterium order parameters.

An equilibration protocol was specifically designed for this
system to avoid potential unfolding or distortion of protein
regions because of a less exhaustive equilibration. This protocol is
summarized in Table 1 and includes the following stages: (i)
harmonic positional restrictions on all the heavy atoms of the
protein to equilibrate the lipids and water molecules (five steps of
1 ns each, decreasing the force constant from 1000 to 200 kJ
mol ' nm ™2 by 200 k] mol ' nm ™~ in each step), (i) harmonic
positional restrictions on the O.-carbon atoms of the protein to
equilibrate the protein side chains with the surrounding atoms
(6 ns using a force constant of 200 k] mol ™" nm?), (iii) harmonic
positional restrictions on the -carbon atoms of the receptor
transmembrane regions to equilibrate the loops, avoiding helix
perturbations (21 ns using a force constant of 200 kJ
mol ' nm ), and (iv) fully unrestrained simulations [100 ns
for the main simulations (see Table 2)]. After the first few
nanoseconds of the equilibration stage and during the whole
production trajectory, the lipids are clearly in the disordered

Table 1. Description of the Equilibration Protocol and Pro-
duction Stages Performed in the Simulations of AR Models in
POPC Bilayers

positional harmonic

stage restrictions comments time (ns)
i on all the receptor five steps with decreasing Sx1
heavy atoms force constants from 1000
to 200 kJ mol ™' nm ™%
the aim is to relax the
receptor environment
ii on the receptor to relax the receptor 6
a-carbon atoms side chains
i on the receptor to relax the loops 21
Qt-carbon atoms
of transmembrane
regions
iv none production trajectory 100°

“Value for the main simulations, see Table 2 for details.

liquid-crystal phase. By means of the scripted protocols, inde-
pendent replicas for several simulations (see Table 2) were
performed under equivalent conditions. All coordinates were
stored every 10 ps for further analysis.

MD trajectory analyses were conducted using GROMACS
utilities (see the Supplementary Methods of the Supporting
Information). PyMOL (http://www.pymol.org) was used to
prepare all molecular images and to perform protein super-
positions (super command, on the basis of the @t-carbon traces).

Inclusion of Crystallographic Water Molecules and Li-
gand. We performed one simulation of the A;4AR [RWI
(see Table 2 and Figure S1 of the Supporting Information)], in
which selected crystallographic water molecules were explicitly
included: residues 502, 504, 505, 509, 512, and 565 according to
PDB entry 3EML. Addition of hydrogens and refinement of
associated hydrogen bonds were performed with the Protein
Preparation Wizard, followed by energy minimization of hydro-
gen atoms (rmsd convergence of 3.0 nm, using the OPLS200S
force field in Macromodel).

The necessary parameters needed for the crystallographic
ligand ZM241385 in the OPLSAA force field were automatically
obtained with Macromodel* and translated to the GROMACS
syntax using an ad hoc script. Two MD simulations of the
A;pAR—ZM241385 complex [RL1 and RL1’ (see Table 2)]
were conducted.

The same equilibration protocol as in the case of the apo form
of the receptor was employed for these simulations, applying the
same restraints to the ligand and water molecules as in the case of
the side chains of the receptor.

B RESULTS

Molecular Modeling. On the basis of the high degree of
sequence similarity between the two human A,ARs (59 and 70%
for the whole protein and the TM domains, respectively), the
crystallographic structure of the hA;,AR was employed as a
template to produce a homology model of the hA,sAR. As
expected, the main topological features of the TM region are
common to both structures, the most important divergent
sequences being located in the longest loops. The topology of
EL2 is influenced by the four additional residues in the A;gAR
(37 vs 33 residues in the A;4AR) and by the different arrange-
ment of the three disulfide bonds, which were assigned to the
AypAR on the basis of a family sequence alignment (data not
shown). Two disulfide bridges are conserved between both
receptors: the first one connects EL1 and EL2 (residues
71—159 in the Ay4AR and residues 72—167 in the A,zAR),
whereas the second one is the highly conserved disulfide bridge
in the GPCR superfamily, located between EL2 (residue 166 in
the AspAR and residue 171 in the A,pAR) and TM3 (position 3.25).

Table 2. Description of the Performed Simulations, Together with the Longitudes of Their Production Phases

code(s) description simulated receptor production time (ns)
RI, R2 receptor with a residue at position 7.29 in its neutral form, replicas 1 and 2 A;AAR, Aj5AR 100
R1/, R receptor with residue His7.29 in its charged form, replicas 1 and 2 A pAR 90
R1” receptor with both residues His7.29 and His7.43 in its charged form AypAR 90
RW1 receptor with crystallographic water molecules AjpAR 90
RL1 receptor as in R1, R2, in complex with the crystallographic ligand AsuAR 30"
RLI receptor as in R1’, R2/, in complex with the crystallographic ligand AspAR 50

“This MD simulation was not extended until 50 ns because of the high instability of the complex under these conditions.
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Figure 1. Dynamic properties of simulated A,ARs. (A) Root-mean-square-fluctuation (RMSF) for each receptor under study (A;4AR, top; A;pAR,
bottom). In each case, the blue line stands for the R1 replica and the red line accounts for replica R2. Cyan boxes denote the location of the TM helices.
(B) For each MD simulation (R1, left; R2, right; A;4AR, top; A,AR, bottom), the reference structure used for rmsf calculations (see the text) is
represented in ribbons and colored by the gradient of the estimated /3 factors (from blue to red, which indicates the highest mobility). (C) Graphical
representation of the PCA. The two extreme projections on the first eigenvector are represented with silver and magenta cartoons. The extracellular part
of TM1 and the intracellular side of TM7 are labeled (together with C-terminal helix 8, H8). The rest of the TMs are ordered in a counterclockwise
direction. The results from the different MD simulations are arranged as in panel B.

However, a third cysteine bridge is present in each receptor
between nonconserved positions within the family: in the A;J)AR
this connection is established between EL2 (residue 146) and
the tip of TM3 (position 3.22), offering an additional confor-
mational constraint to the loop, while in the A;5AR the bridge is
established between positions 154 and 166 in EL2. With respect
to IL3, the modeled conformations are relatively extended in the
two receptors, being four residues longer in the A;,AR (17 vs 13
residues in the A,gAR). It must be noted that IL3 has been
identified as an unstructured region in GPCRs;"* thus, the model
quality of this region is very limited because of the absence of the
cognate G protein. Finally, a fourth disulfide bridge constrains
particularly the structure of EL3 in the A;,AR. This bridge,
located between positions 259 and 261, is not totally conserved
in the AR family, being absent in the A,gAR. An interaction
between EL3 and EL2 is established through polar interactions of
the side chains of GluS.30 in EL2 (conserved in both A, AR and
A;5AR) and position 7.29 in EL3, occupied by His*** in the
A,4AR or Asn?® in the A,pAR.

Geometrical and Conformational Analysis of MD Simula-
tions. The structures obtained for the two hA,ARs were
employed as starting conformations for extensive MD simula-
tions in an atomistic model of the membrane. Because of the
crystallization conditions of the Ay4AR, bound to the ZM241385
antagonist, starting conformations of the two receptors should be
considered to be in the inactive state. Most MD trajectories here
discussed were obtained in the absence of any ligand, in an
attempt to observe the initial stages of the activation conforma-
tional pathway, which was recently suggested in the case of the
[B2-adrenergic receptor.”® This strategy is further supported by
the fact that constitutive activity was described for the
A,AAR.%7® Burthermore, the influence of the antagonist ligand
in the dynamic behavior of the A, AR was also examined (see
below). To efficiently sample the conformational space and to
check for reproducibility of the main structural features, two
independent replicas with different random seeds were con-
ducted for each receptor [from now on simulations R1 or R2 for
either the A;,AR or the A,pAR, respectively (see Table 2)].

4198

Taking into account the fact that the entire A;pAR structure as
well as part of the A;,AR was modeled, we took special care
during the equilibration process, which was sufficiently long to
allow the progressive relaxation of solvent molecules, loop
residues, and TM regions. The 100 ns long production stage
started well after a plateau for the root-mean-square deviation
(rmsd) of the loops was reached (see Figure S2 of the Supporting
Information). Unless the contrary is stated, the rest of the
analyses will refer to the unrestrained production phase of each
replica.

The backbone rmsds of the whole receptors fluctuate, as a
function of time, within the values typically obtained for protein
crystal structures, between 0.2 and 0.4 nm (see Figure S2 of the
Supporting Information). The root-mean-square fluctuation
(rmsf) values per residue (Figure 1) were determined using
the most representative protein conformation as the reference
structure, which was obtained by cluster analysis of each trajec-
tory (see the Supplementary Methods of the Supporting In-
formation). The regions with the highest mobility for the A;,AR
were found to be IL3, EL2, and IL2. For the A,5AR, EL2 seems to
be by far the most mobile region in the two replicas, followed by
EL3 and IL3. The reason for the higher flexibility of EL2 in the
ApAR must be found in the different arrangement of the
disulfide bond in this loop: in this receptor, the disulfide bond
occurs between two cysteine residues located within EL2, which
consequently has more conformational freedom, whereas in the
A 5AR, this bond connects EL2 to the end of TM3, thus
restraining the movement of the loop. The rmsf results fit well
with the experimental data available for the A;s,AR crystal
structure, because it is precisely the unsolved tip of EL2
(residues 149—155) showing the largest fluctuations
(Figure 1A,B). Also in the extracellular region, EL3 shows a
higher mobility in the A,pAR, likely because of the lack of the
particular disulfide bond occurring within EL3 in the A;,AR.

With regard to the intracellular loops, the use of the T4L
fusion protein strategy in the crystallization process accounts for
the highly unstructured nature of IL3 in the GPCRs."* This is in
good agreement with the rmsf results shown in Figure 1, in
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Figure 2. Water analysis of the trajectories of A,ARs. (A) The residence
time of water molecules is represented as a function of the receptor
sequence (top, A,,AR; bottom, A,5AR). Residence time was estimated
as defined in ref 72. Residues Asn1.50, Asp2.50, Asn7.45, and Asn7.49,
interacting with water molecules in the crystal structure of the A;5AR,
are highlighted with black bars. Dark gray boxes indicate the location of
the TM helices. (B) Insight into the hydrogen bond network connecting
helices TM1, TM2, TM6, and TM7 based on the crystal structure of the
A,7AR. The residues involved are labeled and shown as sticks, with
potential hydrogen bonds depicted as dashed lines and crystallographic
waters as spheres. The corresponding hydrogen bond frequencies are
listed in Table 3.

particular for the A;,AR, which presents the longest IL3
segment. In contrast, the relatively low rmsf of IL2 agrees with
the presence of a O-helical secondary structure in this loop, and
the stabilizing interactions between Tyr3.60 in IL3 and the DRY
motif in the intracellular tip of TM3. Such behavior was
previously observed in MD studies of 1- and [32-adrenergic
receptors.27

Concerted motions of different domains were identified by
principal component analysis (PCA) independently performed on
each trajectory (see the Supplementary Methods of the Support-
ing Information). The extreme structures of the most representa-
tive collective motion are shown in Figure 1C, illustrating again the
weight of the unstructured loop movement in the protein
dynamics. Unexpectedly, the extreme conformations show that,
mainly for the AypAAR, TM1 and TM7 slightly separate from each
other during the MD trajectories. As discussed below, this move-
ment could be directly related to the disruption of the interaction,
initially present in the crystal structure of the A, JAR, between the
highly conserved residues in ARs, Glul.39 and His7.43.

Interactions with the Solvent. The previously presented set
of MD simulations avoids the a priori consideration of any water

Table 3. Hydrogen Bond Frequencies in the Structural
Motifs Depicted in Figures 2, 5, and 6

Asa Asp

hydrogen bond” R1 R2 RW1 R1 R2

TM1—-TM2—TM6—TM?7" (Figure 2)

NI1.50—S7.46 81.91% 70.88% 67.93% 70.67% 42.95%
N1.50—-D2.50 0.64% 0.84% 3.17% 6.79% 2.86%
D2.50—S7.46 72.96% 99.53% 99.04% 59.05% 48.40%

D2.50—N7.49 20.66% 95.06% 66.18% 68.22% 90.26%
N7.45—N7.49 3.15% 4.33% 0.16% 6.68% 0.00%
N7.45—-W6.48 0.00% 0.00% 0.03% 0.00% 0.00%
N1.50—N7.49 0.29% 0.30% 0.00% 0.85% 4.58%
average pairs 1.80 2.71 237 212 1.89

Tonic Lock? (Figure S)
D3.49—R3.50° 100% 100% 99.99% 97.31% 99.80%
E6.30—R3.50° 70.71% 99.38% 81.51% 99.38% 98.86%
D3.49—-Y3.60 99.10% 81.50% 99.81% 99.88% 99.92%
D3.49—-T2.39 93.06% 99.36% 99.66% 61.25% 99.88%
average pairs® 3.63 3.80 3.81 3.58 3.98

Toggle Switch/ (Figure 6)

H6.52—NS5.42 8.78% 1.25% 38.80% 12.11% 40.61%

H6.52—N6.55 4.11% 0.01% 0.19% 1.43% 2.20%

Q3.37—-CS5.46 94.22% 83.56% 24.52% 79.96% 95.46%

Q3.37—NS.42 4.36% 0.01% 3.11% 62.01% 12.59%

average pairs® 1.11 0.85 0.67 1.56 1.51
“Hydrogen bonding frequency computed with the g_hbond utility in
GROMACS, using the default parameters (cutoff accep-
tor— donor hydrogen angle of 30°, cutoff acceptor—donor radius of
0.35 nm) See Figure 2 for a representation of the polar interactions
depicted here. “ The average number of simultaneous hydrogen bonds
per snapshot in the given motif along the MD trajectory. See Figure 5
for arepresentation of the polar interactions depicted here. © See Figure 6
for a representation of the polar interactions depicted here. I The
occurrence of the salt bridge was analyzed as a regular hydrogen bond.

molecule derived, e.g, from crystallographic observations. This
was done to allow a direct comparison between the crystal-
lographic structure of the A;,AR and the homology-derived
model of the A;AR, lacking such information, as it is common in
most of the GPCRs of pharmacological interest. Nevertheless, a
detailed analysis of the interaction of water molecules with the
receptor was performed to ensure a correct behavior of the
system, because water molecules have been assigned a role in the
structure of GPCRs, and even in the receptor activation
process.”” 7" As a first approach, the maximal residence times
in the first hydration shell of every residue (i.e., water molecules a
maximum distance of 0.4 nm from the given residue) were
estimated as defined by Freites et al.”? (see Figure 2A). Remark-
ably, the cluster of residues connecting TM1, TM2, and TM7, which
interact with crystallographic water molecules in the hA; AR
structure (see Figure 2B and next section), show residence times
higher than the average in the two receptors, indicating that the
absence of such crystal water molecules in the starting structure
was successfully restored during the equilibration phase. On the
other hand, most of the longest residence times correspond to
residues on the intra- or extracellular edges of the helices, where
water molecules are not likely to play a structural role.
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Figure 3. Interactions of specific residues of ARs. (A) Initial interaction between Glu$.30 in EL2 and the residue in position 7.29 in EL3: His*** in
AsaAR (white) or Asn®®® in A,pAR (gray). (B) Initial interaction between the side chains of Glul.39 and His7.43 based on the crystal structure of the
AyAAR (white) and the homology-derived model of the A,pAR (gray). (C) Hydrogen bonds between GluS.30 and His- or Asn7.29 depicted in panel A
(gray bars) and between Glul.39 and His7.43 as depicted in panel B (black bars). Results for whole trajectories are shown; the vertical dotted line
separates equilibration from the production phase. In the A,,AR, R1 and R2 refer to replicas of the receptor with His***(7.29) in neutral form; R1’ and
R2' are receptors with His***(7.29) protonated, and R1” presents both His***(7.29) and His7.43 in TM7 protonated. In the case of charged histidines,
both NO1 and Ne2 atoms are considered for the computation of hydrogen bonds with the counterpart residue.

To further confirm the feasibility the current protocol ignoring
the crystallographic water molecules, we provide an additional MD
simulation of the A;,AR, including selected crystallographic water
molecules [RW1 (see Table 2)]. The results are summarized in
Table 3 and in Figures S1 and S2 of the Supporting Information.
We can appreciate that the dynamic properties and the behavior of
all structural events analyzed in this work do not significantly
deviate from the behavior observed in the other two MD replica
simulations of the A;pAR. The frequency of hydrogen bonds of
residues connecting TM1, TM2, TM6, and TM?7 is particularly
conserved, being depicted in Table 3 and discussed in more detail
in the next section. A supplementary analysis of all the residues
showing polar contacts with the crystallographic water molecules
in the A;,AR points in the same direction. The bar graphs in
Figure S1 of the Supporting Information represent the number of
times that a residue has been ligated to a water molecule for at least
4 ns along the MD trajectories, showing the weak effect that the
inclusion of the crystallographic water molecules in the equilibra-
tion protocol has on the hydration of the affected residues.

The GPCR-Conserved Hydrogen Bond Network among
TM1, TM2, TM6, and TM7. In the crystal structure of the
hA,AAR, transmembrane segments TM1, TM2, TM6, and
TM?7 interact through a GPCR-conserved hydrogen bond net-
work (Figure 2B), which is putatively important in maintaining
the architecture of the heptahelical bundle and for the activation
mechanism of GPCRs.”>”* This network is formed by the
following elements, where the percentage of conservation in

the GPCR class-A family®® is indicated in parentheses. The side
chain of Asn1.50 (100% conserved) interacts with the backbone
of Ser7.46 (63%), the side chain of which interacts with Asp2.50
(94%). A water molecule mediates hydrogen bond interactions
among Asp2.50, Asn1.50, and Asn7.49 (75%). Finally, a second
water molecule connects the last residue with Asn7.45 (67%),
which at the same time is directly hydrogen bonding to Trp6.48
(71%), the so-called toggle switch residue.

The analysis of such a hydrogen bond network, summarized in
Table 3, shows the stability of the interactions among residues
Asn1.50, Ser7.46, Asp2.50, and Asn7.49. All the involved residue
pair hydrogen bonds register high frequencies in R1, R2 replicas
of both receptors, and in simulation RWI, with an average
number of two simultaneous hydrogen bonds. Interestingly,
the complexity of this hydrogen bond network was recently
revealed by the recent exploration of the protonation state of
Asp2.50 in the B-adrenergic receptors’> or by the influence of
sodium ions in a recent MD simulation of a model of the D,
dopamine receptor.”®

It is worth attending to the time evolution of residue Asn7.45.
In the crystal structure of the A;4AR, the oxygen in the side chain
of this asparagine is hydrogen bonding to the side chain of
Trp6.48. This interaction had been predicted by structural
comparison of GPCR models with the crystal structure of
rhodopsin, in which the lack of Asn at position 7.4S is supposed
to be counterbalanced by crystallographic water molecules
mediating interaction with Trp6.48, which is this way arrested
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in the gauche+ (g+) rotamer.”® However, in the crystal struc-
tures of the S-adrenergic receptors, the rotamer of Asn7.4S
appears to be flipped with respect to the crystallographic position
of this residue in the Ay, AR, thus avoiding such interaction with
Trp6.48. Our MD simulations of both ARs are in agreement with
this last experimental observation, because a change in the
rotamer of Asn7.45 has already been registered in the equilibra-
tion process of all five simulations (Figure S3 of the Supporting
Information), leading to the disruption of the hydrogen bond
postulated in the crystal structure of the A,5AR.

Interactions between Specific Residues of the Adenosine
Receptor Family. Besides residues conserved in the rhodopsin-
A class of the GPCR superfamily, some particular positions of the
AR family members deserve special attention, to elucidate their
potential structural role.

One particular interaction of the AysAR crystal structure
connects extracellular loops EL2 and EL3 (Figure 3A). In this
structure, where the receptor is in complex with the antagonist
ZM241385, GluS.30 (EL2) accepts two hydrogen bonds: one
coming from the amino group in the ligand and another coming
from His”** (position 7.29) in EL3 making this loop act as a lid
that closes the binding site stabilizing the complex (see
Figure 4A). Such a role of the ELs in the ligand entrance has
been hypothesized in recent molecular modeling of ARs.”” In the
A,pAR model presented here, the role of this histidine is played
by Asn®® (see the multiple-sequence alignment of EL3 of the
human ARs in Figure S4 of the Supporting Information), which
seemed to point out that a polar interaction, rather than a salt
bridge, would be conserved between the two loops. This
possibility was not discarded by the pK, prediction of PDB2PQR,
which assigns the neutral form for His7.29 (pK, = 7.03), which
we subsequently considered in the first instance for our simula-
tions (replicas R1 and R2 of the A,,AR). However, such
interaction is broken in the equilibration phase of two replicas
simulated per receptor (Figure 3C), a result that would lead to
the hypothesis that in the apo form of the receptor, this
interaction is easily broken to allow access of extracellular
diffusible molecules to the binding site. On the other hand,
further ionization state calculations with MCCE predicted
His7.29 with a net positive charge, which encouraged us to
simulate two independent replicas of the apo state of the AjyAR
considering this residue charged. As one can see in Figure 3C
(R1" and R2'), the interaction initially maintained between EL2
and EL3 through a salt bridge between His7.29 and GluS.30 is
frequently observed (61% of the time) in R1’, while in R2’ the
frequency of this interaction is only slightly higher (6%) than in
the cases where His7.29 was modeled neutral (0% occurrence).
Because it is not clear from the simulations whether in the apo
state this histidine is positively charged, the next step was to
investigate whether a charged histidine could favor the closed
state of the extracellular loops as observed in the crystal structure
of the hA;4AR in complex with an antagonist (Figure 4A).
Subsequent MD simulations of the A;4AR in the presence of the
ligand were performed. Here, a neutral His7.29 in EL2
[simulation RL1 (Table 2)] promotes an opening of the lid
formed by EL2 and EL3, resulting in the loss of most receptor—
ligand interactions (see Figure 4B, top panel). On the other hand,
a charged histidine in that position [simulation RL1" (Table 2)]
maintains such a lid atop the ligand and the complex remains
stable for the rest of the simulation (Figure 4B, bottom panel),
thus pointing out a preference for the protonated state of this
histidine in the holo form of the receptor.

RL1

H7.29
neutral

distance (nm)

RLT'

H7.29
prot.

distance (nm)

ool e e e e T T e |
“o 10 20 30 40 50 60 70 80

time (ns)

Figure 4. Influence of the protonation state of His’**(7.29) in the
dynamics of the crystallographic protein—ligand complex. (A) Repre-
sentation of the initial structure of the A;,AR (white) in complex with
ZM24138S (gray). Key residues are labeled. (B) Measurement of the
minimum distances between O¢ atoms of GluS.30 and (i) the nitrogen
of the ligand’s exocyclic amino group (black lines) and (ii) the N1 and
Ne2 atoms of His7.29 (gray lines), as depicted by dashed lines in panel
A. Results of whole trajectories are shown, with vertical dotted lines
indicating the release of the positional restraints for the ligand (11 ns)
and the release of restraints for the @t-carbon atoms in the loops (32 ns).

We also focused on two residues completely conserved in the
ARs family: a glutamic acid in position 1.39 and a histidine in
position 7.43, which are close in space in the A;4AR crystal-
lographic structure and had been previously postulated to
interact through a hydrogen bond.”® * To initially form such
a hydrogen bond (Figure 3B), the histidine residue was proto-
nated at NO, as suggested by several of the considered predic-
tion tools (Schrodinger, Molprobity, and PDB2PQR), even
though the geometry of the hydrogen bond in the crystal
structure is not associated with a strong interaction, taking into
account the ideal geometries derived from the study of the
Baker group81 [0 angle = 99°; 1 angle = 88°; Opya = 0.25 nm
(see the original reference for details of these values)]. Accord-
ingly, MD simulations with His7.43 in its neutral form show
that this hydrogen bond tends to be transient or even com-
pletely broken, only being significantly occupied (27%) in R1 of
the A;,AR, but with an occupancy of <8% in the remaining
simulations, including both replicas of the A,zAR (Figure 3C).
It is worth noting that His7.43 has been experimentally involved
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Figure 5. Analysis of the ionic lock. (A) Salt bridge between Arg3.50 and Glu6.30, commonly termed the ionic lock, in the A;,AR. The initial
configuration (gray) and a stable snapshot (magenta) are superimposed. (B) Representative snapshot of the hydrogen bond network in which the ionic
lock is contextualized. The residues involved in helices TM2 (cyan), TM3 (green), and TM6 (orange) are labeled and shown as sticks, with potential
hydrogen bonds depicted as dashed lines. The corresponding hydrogen bond frequencies are listed in Table 3. (C) For R1 and R2 of both receptors, the
time evolution of the minimum distance between any O¢ atom of Glu6.30 and any N atom of Arg3.50 is colored red (thick line representing the
smoothed version). Similarly, the corresponding distance between the at-carbons of the same residues is represented in black. Results for whole
trajectories are shown; the vertical dotted line separates equilibration from the production phase.

in agonist binding,** presumably through interaction with the
hydroxyl groups of the ribose ring of those ligands. It remains
unclear whether the proposed agonist—receptor interaction
should occur through hydrogen bond acceptance of Ne of
His7.43 (meanwhile, its NO interacts with Glu1.39*°) or whether
this interaction with the agonists promotes a disruption of the
hydrogen bond with the adjacent Glul.39. In Figure 3C, the fact
that this interaction is spontaneously broken in the absence of any
ligand can be appreciated, thus suggesting an important role of this
residue in the conformational equilibrium of the receptor,”®
probably connected with the structural changes described above
for TM7 (Figure 1C). Conversely, a salt bridge interaction is
strongly suggested by the pK, calculations performed with MCCE
on this pair of residues. This possibility was considered in an
independent MD simulation of the A;,AR, where both His7.29
and His7.43 are modeled in their charged form, from now on
simulation R1”. Figure 3C shows how the established salt bridge of
a positively charged His7.43 with Glul.39 is sufficiently strong to
maintain a tight interaction between TM1 and TM7. Accordingly,
the separation of TM1 and TM?7 is not observed in a PCA analysis
of this replica (Figure SS of the Supporting Information), as
opposed to what is shown in Figure 1 when the His7.43 is modeled
in its neutral form. Alternate protonation states, such as a proto-
nated form of Glul.39, were not suggested by any of the pK,
prediction software used.

4202

lonic Lock. The TM3—TMS§ ionic lock, linking the (D/E)RY
motif in TM3 with Glu6.30 in TM6, is broken in the crystal
structure of the A;sAR, which happened in the 1- and f32-
adrenergic receptor crystal structures and in contrast to what was
expected in an inactive form of a GPCR.*® As one can appreciate
in Figure S, the ionic lock is achieved in main simulations
performed on both A;,AR and A,pAR receptors (replicas R1
and R2). In the A,, AR, this interaction is formed at the end of the
equilibration phase (R2) or even after SO ns of the production
phase (R1), while in both replicas of the A,gAR, the lock is
formed just after a few nanoseconds of equilibration time. In all
four cases, once the lock is formed it can be considered strong
and stable for the rest of the simulation time (see Table 3). It is
also important to note that in all these cases TM3 and TM6
approach each other, as measured by a decrease in the distance
between the Q-carbons of Glu6.30 and Arg3.50 (Co—Ca
distance, comparing the initial value with the averaged distance
of the last 20 ns, reduced in a magnitude by 0.137 to 0.232 nm,
depending on the replica). The whole network of polar interac-
tions is depicted in Figure 5B and quantified in Table 3. Such
interactions involve not only salt bridges between Arg3.50 and
both Asp3.49 and Glu6.30 but also stable hydrogen bonds between
Asp3.49 and Tyr3.60 in IL2 and Thr2.39 in TM2. This particular
network around Asp3.49, with almost four simultaneous inter-
actions as an average, might be responsible of the strong salt
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Figure 6. Analysis of the toggle switch. (A) Initial phase (gray) and a stable snapshot of the production phase (magenta) of the side chain configuration
of residues Cys6.47, Trp6.48, and His6.52, showing the formation of the so-called toggle switch in the A,,AR. (B) Three-dimensional representation of
the potential hydrogen bonds (dashed lines) between the residues surrounding the toggle switch (sticks), located at helices TM3 (cyan), TMS (yellow),
and TM6 (orange). The corresponding hydrogen bond frequencies are listed in Table 3. (C) A separate panel for each MD simulation represents the
time evolution of the j, dihedral angles of the residues involved in the toggle switch (top part): Trp6.48 (black dots), His6.52 (red dots), and Cys6.47
(green dots). The bottom part of each panel represents the evolution of the hydrogen bonds of Asn5.42 with His6.52 (blue bars) or with GIn3.37 (red
bars). Results of whole trajectories are shown; the vertical dotted line separates equilibration from the production phase.

bridge of this residue with the adjacent Arg3.50, which has been
prc;i)glsed as the primary constituent of the ionic lock by Vogel
et al.

Conformational Changes Accompanying the Toggle
Switch. The conformational changes associated with the GPCR
conserved motif, (6.47)CWxP(6.50), have been thoroughly
examined in the A,,AR and A,pAR structures (Figure 6). The
%1 dihedral angles of selected residues were recorded along the
different MD simulations. The starting rotameric state of
Trp6.48 in both receptors corresponds to the g+ rotamer
(y%1 ~ —80°), which is associated with the inactive conformation.
On the other hand, the toggle switch is considered active when
this residue adopts a trans (t) conformation; i.e., the y; dihedral is
in the equivalent regions defined between —120° and —180° or
between 120° and 180°.** This rotameric transition might be

4203

concerted with conformational changes in positions 6.52 and
6.47, as described in the 32-adrenergic receptor.”” Position 6.52
is frequently an aromatic residue in class-A GPCRs (82% Phe),
while position 6.47 is a Cys in 74% of the cases.”® Whereas the
last residue is conserved in the two A,AR subtypes, the former is
occupied by a histidine in all ARs members, with the exception
being the A3;AR, where a serine is present. In the crystal structure
of the A;pAR, both His6.52 and Cys6.47 show approximately the
same ¥, angle as residue Trp6.48 (ie., g+ conformation). As
depicted in Figure 6, we observe the transition of the toggle
switch in R1 of the A;4AR (after 24 ns in the production phase)
and in the two replicas of the A,pAR (where the change occurs
just after the equilibration phase). In all four cases, there is a clear
correlation between the rotameric states of the toggle switch
(Trp6.48) and residue His6.52, because the last also suffers a

dx.doi.org/10.1021/bi200100t |Biochemistry 2011, 50, 4194-4208
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transition from the g+ rotamer to the t rotamer only when the
toggle switch changes its conformation. Remarkably, in R2 of the
A,pAR, the conformational change in His6.52 clearly precedes
the formation of the toggle switch, suggesting that the rotameric
change of the aromatic residue in position 6.52 (His in the ARs
considered here) might favor the formation of the toggle switch.
In R1 of the A;,AR, the t conformation of His6.52 prevails 59%
of the time after the irreversible formation of the toggle switch,
which occurs simultaneously with the conformational change of
His6.52. On the other hand, the toggle switch does not occur in
R2 of the A;sAR along the simulated time, and consequently, the
rotamer of His6.52 stays in the native g+ state. Finally, we have
investigated the possible correlation between the toggle switch
and the rotameric state of Cys6.47, as previously suggested on the
basis of molecular modeling of the 32-adrenergic receptor.”” We
observe that, in the A;,AR simulations, Cys6.47 changes its
rotameric state in both R1 and R2 simulations, while the toggle
switch occurs in only R1. On the other hand, Cys6.47 does not
change its conformation in any of the two simulations of the
A,pAR, where the toggle switch invariantly occurs. Thus, our
simulations do not support a correlation of the rotameric state of
Cys6.47 with the formation of the toggle switch.

Itis important to note the interactions of His6.52 with Asn5.42
in TMS through a side chain hydrogen bond, which is somehow
concerted with the rotameric state of the former residue in TM6.
The complete hydrogen bond network, which also involves
residues in TM3, is depicted in Figure 6B and quantitatively
analyzed in Table 3. It can be appreciated in Figure 6C that
His6.52 needs to adopt the t rotameric state to form the
hydrogen bond with Asn5.42. As a consequence, the frequency
of this hydrogen bond is significant only in the three cases when
the toggle switch is formed (i.e., all cases except R2 in the
A,4AR), although only in one case (R2 of the A,gAR) can this
interaction be considered stable. It is worth noting that Asn6.55,
which is crucial for the ligand binding,12 does not form any stable
interaction with the residues in the vicinity in the MD simulations
(performed in the absence of any ligand). In particular, the
possibility of an interaction with His6.52, located almost one o.-
helix turn below, is not feasible according to the data presented in
Table 3. On the other hand, Asn5.42 tends to form a hydrogen
bond with GIn3.37 once the toggle switch is formed. GIn3.37 also
strongly connects to TMS through a hydrogen bond with the
main chain of CysS.46 (Figure 6B and Table 3). The considera-
tion of the crystallographic water molecules on the A;AR MD
simulation (RW1, with WS6S in the vicinity of the aforemen-
tioned residues) results in only subtle effects on the identified
network: the interaction between TM6 and TMS (His6.52 and
AsnS.42) is more prominent, whereas the interaction between
TMS and TM3 (CysS.46—GIn3.37) is somehow weakened as
compared to the MD simulations without any crystallographic
waters.

B DISCUSSION

The release of the hA,, AR structure in an inactive conforma-
tion offers an excellent starting point for a deep exploration of the
conformational and dynamic properties of the adenosine recep-
tor family. In this work, we have studied the two human A,
receptors (hA,,AR and hA,pAR) through all-atom MD simula-
tions, generating independent replicas for each receptor. This
schema allows extraction of more robust conclusions than if only
one replica per receptor were performed, even if the duration of

the simulation would be longer. Overall, a general analysis of the
MD trajectories shows good agreement with the expected
behavior of a GPCR, with higher mobility of the loop regions,
while TM segments remain more stable. Interestingly, the main
differences between the general dynamic behaviors of the AjsAR
and A,;pAR explored can be explained in terms of their particular
sequences, loops lengths, and disulfide bridges. The observed
enhanced mobility of the extracellular part of the A,gAR could
justify, to some extent, the lower affinity of this receptor for the
natural ligand, adenosine,® as a function of the expected higher
rate of diffusion of ligand molecules in the extracellular side.
Accordingly, the consideration of a positively charged histidine in
EL3 of the hA,,AR also reduces the mobility of the extracellular
regions of this receptor. The conservation pattern shown in
Figure S4 of the Supporting Information denotes that this
histidine is only present in the A;AR and A,,AR, which are
precisely the receptors in the family showing the highest affinity
for adenosine. These observations reinforce the idea that the
different composition of the extracellular region surrounding the
binding site is modulating ligand affinity, recently proposed by us
in the design of hA;AR ligands,** as well as by other authors on
the basis of sequence analysis and site-directed mutagenesis
studies.” Interestingly, the crystal structure of the A;,AR in
complex with an agonist, which has been released while this
paper was being revised,*® shows a disruption of the interactions
between EL2 and EL3 to accommodate the bulky substitution at
the N6 exocyclic amino group of the cocrystallized ligand. We
thus find this experimental result in good agreement with the
simulations reported herein, in which the lid formed by these
loops tends to open in the absence of any ligand.

We also investigated the structural role of another relevant
histidine located at position 7.43 in all ARs. The behavior of the
interaction between the Glul.39—His7.43 conserved pair is
somehow surprising. Both in the apo form and in complex with
the antagonist, this interaction fluctuates in the best cases or is
even broken in some replicas. Conversely, when the charged
form of this histidine is considered, the Glul.39—His7.43 ionic
pair is maintained along the whole MD simulation (see
Figure 3C, simulation R1""). These results should be contextua-
lized with the mutagenesis data available for this particular pair of
residues. In the A;,AR, a mutation of His7.43 to either Asp or
Glu does not produce any detectable changes in either agonist or
antagonist binding.*” In this case, pK, calculations predict that at
least one of the two interacting residues should be modeled in its
neutral, protonated form (see Figure S6 of the Supporting
Information), which could thus be used to argue against the
possibility of a salt bridge interaction between Glul.39 and
His7.43 on the wild-type receptor. However, a polar interaction
between side chains at these positions may be a minimum
condition for the integrity of the binding site, as a His7.43Ala
mutant yields no detectable agonist or antagonist binding.*®
Finally, it should be noted that a Glul.39GIn mutant has little
effect on a%onist binding, which is more affected by a His7.43Tyr
mutation,”” which led to the idea of position 7.43 interacting with
the ribose moiety,”” recently confirmed by the crystal structure of
the agonist-bound A,7AR5¢ Altogether, these data support a
polar interaction between the aforementioned positions in TM1
and TM7, which is presented as a weak, intermittent interaction
according to our MD simulations (Figure 3C, simulations Rl1,
R2, Rl’, and R2'), allowing a gradual separation of TM1 and
TM?7 that could be related to the conformational equilibrium of
the receptor. Alternatively, the hypothesis of a salt bridge
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occurring between these residues implies that no separation
between these helices occurs along the simulation time, preclud-
ing a dynamic role of this pair of residues in the modulation of
receptor conformations. The reliability of this alternate hypoth-
esis should be tested with the expression and pharmacological
characterization of a mutant receptor where His7.43 is replaced
with a positively charged residue (Lys), as modeled in Figure S6
of the Supporting Information.

Several important dynamic properties, which prompt novel
receptor interactions not observed in the crystal structure of the
inactive A,5AR, are reported and related to the conformational
equilibrium of the ARs. First, the ionic lock, linking the (D/E)RY
motif in TM3 with Glu6.30 in TM6, which is absent in the
starting receptor structures, is spontaneously formed in the MD
simulations presented. The fact that the ionic lock was also
broken in the crystal structures of the 3-adrenergic receptors has
received much attention in the recent computational studies of
this receptor family. The conclusions extracted from indepen-
dent microsecond MD simulations*®*’ suggest that either the
removal of T4 lysozyme or the absence of the G protein in the
crystal structures might favor the formation of the ionic lock. The
observation of this event in the initial steps of our MD simula-
tions of the ARs, and the subsequent approach of the cytoplasmic
part of the TM3 and TMG6 helices, are in agreement with this
hypothesis and with recently reported MD simulations of the
A,4AR,*® while other authors have noted that such a conforma-
tional change is observed only at high saline concentrations in the
same receptor.*® Our results support the idea of a more complex
network of hydrogen bonds and salt bridges stabilizing the ionic
lock, where all four polar interactions considered among residues
Thr2.39, Asp3.49, Tyr3.60, Arg3.50, and Glu6.30 are quite stable
in our simulations (see Table 3). Interestingly, the importance of
the salt bridge between the conserved Asp3.49 and Arg3.50
[within the (D/E)RY motif in TM3] has been identified with
infrared spectroscopy experiments in rhodopsin® and was
supported by previous experiments with the 32 receptor.”’

A second event that we have identified is the spontaneous
formation of the toggle switch in TM6, a closer look at which
reveals novel structural elements in the ARs that deserve further
analysis. In particular, the rotation of the side chain of Trp6.48 is
accompanied in our simulations by a concerted rotameric
transition of His6.52, a typical residue of the AR family with
the only exception being the A;AR. Interestingly, a histidine is
also present at this position on the ghrelin receptor, where its key
role in the basal activity of that receptor was postulated and
experimentally verified.” Moreover, our simulations have re-
vealed additional contacts of His6.52 with Phe5.43 and Asn5.42.
Available mutagenesis data on the A;,AR indicate that mutation
of any of these three residues by an alanine precludes the
detection of ligand binding,*® which is partially reverted by the
restoration of aromatic side chains in position 6.52 or 5.43 or a
polar amino acid (Ser) at position 5.42. The phenylalanine at
position 5.43 plays a role in the packing between TMS and TM6,
but we did not observe any conformational change for this
residue in any of the independent MD simulations considered.
This result is in contrast with the conclusions extracted from the
recent MD simulations of the hA;,AR by Lyman et al,*® who
suggested that the occurrence of the toggle switch should be
associated with conformational changes in residue Phe’®? (5.43).
In fact, such an association was motivated by the assignment
of this residue to position 5.47 by the authors, and not to
actual position 5.43, thus being incorrectly aligned with the

PheS.47 that is part of the highly conserved aromatic cluster of
the aminergic receptor family.”’ Remarkably, residues at both
positions 5.47 and 6.52 are conserved in the A;AR, A;,AR, and
A,pAR, with a small valine at position 5.47 favoring the rotameric
transition of His6.52. Conversely, a correlated mutation is
observed in all A;ARs, where the histidine in position 6.52 is
substituted with a Ser while a more bulky Ile substitutes for the
otherwise subtype-conserved Val5.47. This evolutionary me-
chanism of a correlated mutation in positions 5.47 and 6.52
further reinforces the idea of a structural role of this pair of
positions. The network of interactions that stabilize this micro-
environment of the toggle switch in the A,ARs reveals a
previously unobserved dynamic role of polar residues Asn5.42
and GIn3.37. Our simulations indicate that the new connections
established among transmembrane helices TM3, TMS, and TM6
are crucial for the receptor architecture or even the activation
process, which might provide further explanation for the site-
directed mutagenesis available for GIn3.37°"°? and Asn5.42,% in
contrast with the hypothesis formulated before the release of the
AyaAR crystallographic structure that had connected GIn3.37
with ligand binding.*” This result is in agreement with the
activation mechanism proposed in light of the new structures
of agonist-bound f-adrenoreceptors, released during the pre-
paration of this work.'”'® In that family of GPCRs, the main
variation in the experimental conformation of the agonist-bound
receptor with respect to previous antagonist-bound structures is
the new interaction between residues at positions 5.43 and 6.55
(one helix turn above His6.52), bringing TMS and TM6 closer
by ~1 A" or even 2 A."® However, the fully activated structures
of the 32-adrenoreceptor'® and opsin,'® as well as the very recent
crystal structure of the agonist-bound A;2AR ¢ show no change
in the side chain conformation of the highly conserved Trp6.48
(toggle switch). A recent hypothesis by the Schwartz group
suggests that the switch of Trp6.48, which is only 70% conserved
in the GPCR family, would be one of the many potential
microswitches occurring during GPCR activation and thus would
be dispensable in a given GPCR (i.e., 2-adrenoreceptor), which
might still conserve a tryptophan in this position.”® In other
GPCRs, residue Trp6.48 would change the rotameric state in the
initial steps of the activation process, as previously postulated by
several authors,”>*° preceding the higher-magnitude conforma-
tional changes observed in TM6.'®" In light of the new
experimental evidence showing an unchanged rotameric state
of Trp6.48 between the agonist- and antagonist-bound confor-
mations of the A, AR, we hypothesize that the role of this switch
is transient, promoting an intermediate conformation that would
favor the achievement of major movements observed on TM6 in
the active-like conformation of the A, ,AR. In fact, a closer look at
the major conformational changes between the two crystal
structures of this receptor reveals that the movement of the
intracellular side of TM6 is accompanied by the rotameric
transition of aromatic residues PheS.62 and Tyr5.68, in the
intracellular side of TMS.*® To avoid steric clashes of these
moving residues with TM6, this helix must visit a more open
conformation different from that observed in either antagonist-
or agonist-bound crystal structures, a conformation that might be
promoted by the toggle switch and surrounding interaction
network described in this work. Notably, the superposition of
the end point conformation of the A, ,AR R1 simulation with the
agonist-bound crystal structure shows a remarkable overlay of
TM6 (see Figure S7 of the Supporting Information), which in
both cases is shifted away from the TM bundle on its intracellular
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side (that is, below the conserved proline kink). The observations
reported herein suggest that further site-directed mutagenesis
experiments with the aforementioned positions in helices TMS,
TM6, and TM7, especially considering mutations less drastic
than those previously reported, would shed light on the molecular
mechanisms of AR activation.
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