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Abstract: The activation/deactivation processes for G-protein coupled receptors (GPCRs) have been
computationally studied for several different classes, including rhodopsin, the p2 adrenergic recep-
tor, and the M2 muscarinic receptor. Despite determined cocrystal structures of the adenosine Asp
receptor (A>aAR) in complex with antagonists, agonists and an antibody, the deactivation process of
this GPCR is not completely understood. In this study, we investigate the convergence of two apo
simulations, one starting with an agonist-bound conformation (PDB: 3QAK)'* and the other starting
with an antagonist-bound conformation (PDB: 3EML)"". Despite the two simulations not completely
converging, we were able to identify distinct intermediate steps of the deactivation process charac-
terized by the movement of Y2887-5% in the NPxxY motif. We find that Y2887-5% contributes to the pro-

cess by forming hydrogen bonds to residues in transmembrane helices 2 and 7 and losing these

interactions upon full deactivation. Y1978

also plays a role in the process by forming a hydrogen

bond only once the side chain moves from the lipid interface to the middle of the helical bundle.
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Introduction

Adenosine receptors are a class of G protein-coupled
receptors (GPCRs) that mediate several cellular proc-
esses by binding endogenously to adenosine.! On
binding of adenosine or other agonists, the A;p AR
subtype of the adenosine receptor undergoes a confor-
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mational change and couples to G in the peripheral
tissues and G in the brain to stimulate the cAMP-
PKA pathway. In the immune system, activation
leads to immunosuppression by inhibiting proinflam-
mation cytokines, including TNF-o and INF-y.2 In
the brain, As;p AR is present in the dopamine-rich
areas, such as the Globus pallidus, and works by
inhibiting dopaminergic activity by increasing
gamma-aminobutyric acid (GABA) or directly inter-
acting with the D2 dopamine receptor.>® Thus, antag-
onists of AspAR, like caffeine, increase dopaminergic
activity, making such inhibitors possible therapeutics
for Parkinson’s disease and Alzheimer’s disease.’™
Additionally, antagonism of AgsAR is thought to
decrease lymphocyte migration across the blood brain
barrier (BBB) to the central nervous system, making
such antagonists potential candidates for treating
BBB diseases such as multiple sclerosis.®

Published by Wiley-Blackwell. © 2015 The Protein Society
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Figure 1. A cartoon representation of the starting antagonist-
bound apo (red) and the agonist-bound apo (green)
structures. Key residues Y197%%8, Y2287-5% E2285%° and
R102%%° are highlighted as sticks. The NPxxY motif is shown
in purple.

The X-ray structure of A;pAR has been solved
in complex with several different ligands including
antagonists,>!° an inverse agonist ZM251385,! an
antibody'? and agonists'®!* including UK-432097.14
Each of these structures reveals an extracellular
N-terminus, seven transmembrane (TM1-7) alpha
helices, three extracellular loops (ECL1-3), three
intracellular loops (ICL1-3) and an intracellular
C-terminus. Compared with the inverse-agonist
bound structure,’! the UK-432097 agonist bound
structure'? shows the side-chain dihedral switch of
F2015%? and Y197°® from inside the helical bundle
to outside the helical bundle. Furthermore, there is
a y; side-chain dihedral switch of Y2887%% from
trans in the inverse-agonist bound structure to
gauche in the antagonist bound structure. These
structural features cause the distance between the
hydroxyl oxygen of Y197°%® and Y2887-%3 to be 15.7
A in the agonist bound structure and 9.58 A in the
inverse-agonist bound structure (Fig. 1). In the
active structure, there is an outward tilt of W246548
causing the displacement from the intracellular end
to be ~3 A. As described below, these differences
vary from other active GPCRs.

Activation of several GPCRs is characterized by
a structural rearrangement of TM5, TM6, and TM7
to accommodate coupling of the G-protein. Upon
activation, a salt bridge between R®*°° and E®3°,
often called the “ionic lock,” is disrupted and the i
dihedral angle of W5® switches from the gauche to
trans conformation, which breaks interactions
between D?%°, N74° and S7*°. This rearrangement
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facilitates the side-chain relocation of Y>®® and
Y"?3 allowing the two tyrosines to interact through
either a direct hydrogen bond or through water mol-
ecules. In the currently available active structures,
the distance between the hydroxyl oxygen of Y°%
and Y™ is 4.28 A in B2 adrenergic receptor
(B2AR),*® 5.43 A in rhodopsin,'® and 4.21 A in the
M2 muscarinic receptor.!” This is coupled with dis-
placement of the intracellular end of TM6, which
can vary from 7 Ain rhodopsin, '8 to 10.4 A in the
M2 receptor,'™!® and 14 A in the B2 adrenergic
receptor (B2AR).1%20

Previous computational studies have investi-
gated the activation/deactivation process of GPCRs,
and the role of side-chain dihedral switches in
it.2124 In a study by Dror et al., the deactivation
process of B2AR was characterized from several ps
of conventional molecular dynamic (MD) simulations
on the Anton supercomputer. The group started with
an agonist bound structure and was able to identify
distinct conformations during the course of deactiva-
tion.?! During the first step of deactivation, TM7
adopts the inactive conformation followed by the
movement of both TM5 and TM6. In another study
by Miao et al., accelerated molecular dynamics
(aMD) was used to identify the pathway from the
inactive M2 receptor to the active receptor. Using
the enhanced sampling, the group was able to iden-
tify two intermediate conformations on the pathway
and observe the direct interaction between Y°*® and
Y"3 in the active structures.?* In a third study by
Li et al., the deactivation process of A;pAR was
found to involve the separation of TM4, TM5, and
TM3 and a rearrangement of TM6, and deactivation
caused the helices to bundle together. Additionally,
three separate conformations for the “toggle switch”
W24654® were identified for apo, active, and inactive
structures.??

One consistent feature of the active structures of
B2AR, the M2 receptor and rhodopsin is the interac-
tion between Y®®® and Y"®%. This interaction is
absent in the AyAAR agonist bound structure how-
ever. Moreover, Y197%58 is facing the lipid interface,
causing the distance between the two residues to be
greater than 15 A. For the AspAR receptor, open
questions include what is the role of these groups in
the activation/deactivation process. In this study, we
performed MD simulations on the apo form of two
starting structures of AssAR, the agonist-bound
(PDB: 3QAK) and the antagonist-bound (PDB:
3EML), and examined the convergence of these two
simulations over ~1.6 us. We found the two sampled
ensembles of each of these two structures do not con-
verge, although the agonist-bound apo structure is
more dynamic and approaches inactivation more sig-
nificantly. By studying these simulations, we were
able to identify two intermediate steps between active
and inactive structures based on the dynamics of the
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Figure 2. Deactivation of Adenosine A>aAR from the initial agonist-bound apo conformation to the initial antagonist-bound apo
conformation: A: The aligned active (green), inactive (red), intermediate one (blue) and intermediate two (orange) structures
identified during the deactivation process. Residues Y197°%8 and Y2887-%% are shown as sticks. B: The potential of mean force
(PMF) is calculated as a function of the distance between the ionic lock (R102%%° - E228°%%%) and the RMSD of Y2887-5% in the

NPxxY motif relative to the inactive structure.

NPxxY motif. Interestingly, the antagonist-bound apo
structure remains in the inactive conformation, and
eventually forms the ionic lock, which was observed
to be broken in the inactive crystal structures.®'2

Results

Simulation convergence
Starting with the agonist-bound (PDB: 3QAK) and
the antagonist-bound (PDB: 3EML) structures of
AspAR with both ligands removed, sufficiently long
simulations should generate converged ensembles,
given that both structures have the same sequence
and are modeled in the same environment. With the
final length of the Anton simulations, ~1.6 ps start-
ing from the agonist-bound conformation and ~1.8
us starting from the antagonist-bound conformation,
convergence did not occur. Both simulations deviate
from their starting structures, with the initial
antagonist-bound apo simulation stabilizing at ~1 us
and the initial agonist-bound apo simulation contin-
uously sampling different phase space [Supporting
Information Fig. 1(A,B)]. The most flexible regions
for both simulations are ECL2 and ICL3, which is in
agreement with several other GPCR computational
studies.?>?5 The intracellular end of TMS5 is slightly
more flexible in the initial agonist-bound apo simu-
lation compared to the initial antagonist-bound apo
simulation with the root mean squared deviation
(RMSF) being 1.5 Aand1 A, respectively (Support-
ing Information Fig. 2). TM7 is also more flexible in
the initial agonist-bound apo simulation, with the
RMSF being ~2 A and ~1 A, respectively.

To further characterize the convergence of the
ensembles, we used principal component analysis

1006 PROTEINSCIENCE.ORG

(PCA) to reduce the dimensionality of the atomic
motion and extrapolate correlations from the simula-
tions. We calculated the first two components, PC1
and PC2, from all of the backbone atoms and
observed that these two components account for only
~40% of the variance of the simulations. These pro-
jections reveal some overlap between the antagonist-
bound apo starting structure and the subsequent
simulation, and no overlap between the agonist-
bound apo starting structure and that subsequent
simulation. Additionally, there is no overlap between
the two simulations [Supporting Information Fig.
3(A)]. The first two principal components of all of
the information about
motions of the extracellular and intracellular loops.
To examine convergence of the TM helices, we per-
formed additional PC analysis from the backbone
atoms of specific helices. Both TM1 and TM2 show
large sampling areas, and overlap between both sim-
ulations [Supporting Information Fig. 3(B,C)]. TM3
is more modest and there is no overlap between both
simulations, suggesting the movements from this
helix do not converge [Supporting Information Fig.
3(D)], and the movement of TM4 is also stable with
the two simulations converging somewhat [Support-
ing Information Fig. 4(A)]. The largest differences
are between TM5, TM6, and TM7 [Supporting Infor-
mation Fig. 4B—D)]. The antagonist-bound apo sim-
ulation shows two distinct populations in TMS5,
while the agonist-bound apo simulation shows large
motion, which was also observed from characterizing
the RMSF of this helix [Supporting Information Fig.
4(B)l. In TM6, there is no overlap between the
antagonist-bound apo starting structure and the
subsequent simulation, and there is a large motion

backbone atoms contain

Exploration of the Conformational Dynamics of AopAR
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Figure 3. The hydrogen bond network of Y2887-%° during A;,AR deactivation: A: The number of hydrogen bonds formed with
Y2887-5% during the initial agonist-bound apo simulation. A bar below the x-axis shows the time evolution of the active, interme-
diate one and intermediate two conformations in green, blue and orange, respectively. B: The number of hydrogen bonds
formed with Y2887-5% during the initial antagonist-bound apo structure with the inactive conformation shown in red. C: Cartoon
representation of the hydrogen bonds identified in the active trajectory. Y2887-5% is shown as a stick. D: Cartoon representation
of the hydrogen bonds identified in intermediate one. Residues $234%36, Y2887-%%, and, N422° shown as sticks. E: Cartoon
representation of hydrogen bonds in intermediate two. 1292°TE"M and Y2887-5% shown as sticks. F: Cartoon representations of
hydrogen bonds in inactive trajectories. N2847-4°, Y2887-5% and 1292°TE"M are shown as sticks.

for the antagonist-bound simulation, while the
agonist-bound simulation is more stable [Supporting
Information Fig. 4(C)]. In TM7, there is no overlap
between the agonist-bound apo starting structure
and the subsequent simulation. For the agonist-
bound apo simulation, there are three distinct con-
formations sampled, which drift toward those of the
antagonist-bound apo simulation. The antagonist-
bound apo simulation is very stable, sampling only
one conformation, consistent with the RMSF results
[Supporting Information Fig. 4(D)]. These data sug-
gest that there are large differences between TMS5,
TM6, and TM7 in the near agonist-bound ensemble
compared to the near antagonist-bound ensemble.

Reaction coordinates

Although the ensembles of the two simulations do
not converge completely, key steps can be identified
from the evolution of the initial agonist-bound apo
simulation towards the inactive structure. A repre-
sentative coordinate of the inactive structure is the
distance between R102%°° and E228%2° the “ionic
lock” 24?® The root mean squared deviation (RMSD)
of Y2887%% in the NPxxY motif from the starting
structure and the distance between the ionic lock
side-chains identify three different conformations
evolving from the initial agonist-bound apo simula-
tion. A final conformation can be identified from the
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initial antagonist-bound apo simulation. A potential
of mean force profile was calculated with these reac-
tion coordinates to isolate all four conformations
from the two simulations [Fig. 2(A,C)]. From this
profile, we discern four main states, and further-
more suggest a hypothesis for deactivation. Because
these simulations are not fully converged, the PMF
is only qualitatively meaningful, and is used here to
help locate the active, intermediate, and inactive
conformations.

The profile for the active and inactive conforma-
tions is reproduced in shorter MD simulations origi-
nating from the starting agonist-bound apo and
antagonist-bound apo structures. The RMSD of
Y2887%% and the distance between the ionic lock is
nearly identical in the shorter 200 ns antagonist-
bound apo simulation and four separate 50 ns
agonist-bound apo simulations compared with the
longer ~1.8 ps antagonist-bound apo simulation and
~1.6 ps agonist-bound apo simulation, respectively
(Supporting Information Fig. 5).

Deactivation

When the receptor transitions from the active to the
intermediate 1 structures, there is a formation of
hydrogen bonds with Y288"-5% (Fig. 3). This hydro-
gen bond network is highly dynamic. During the
first 250ns of the agonist-bound apo simulation,
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Figure 4. Time course of the 7, Y2887-% side-chain dihedral:
A: Cartoon representation of the conformation of Y2887%%, The
aligned active (green), inactive (red), intermediate one (blue)
and intermediate two (orange) structures are shown as ribbons.
(B) The initial agonist-bound apo simulation is shown in green

and the initial antagonist-bound simulation is shown in red.

Y2887-53 forms no hydrogen bonds, and this time cor-
responds to the active conformations. This differs
from other active structures, such as rhodopsin, M2
muscarinic and P2AR, in that Y2882 forms hydro-
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gen bonds with Y197%58 either directly or through a
water-mediated bond.?*42¢ In the intermediate 1
conformation, Y2887%% alternates hydrogen bonds
with S234536 N2847%° of the NPxxY motif and
N4224° In intermediate 2, the Y288"%% side chain
dihedral switches from trans to gauche, which
causes a break in hydrogen bonds from residues in
T™M2 and TM6 (Fig. 3). During the initial
antagonist-bound apo simulation, Y2887%% forms a
hydrogen bond with N28474° during the entire sim-
ulation. These hydrogen bonds reduce the tilt of the
backbone atoms of TM7 ~4 A. While the first step of
‘deactivation’ is the formation of hydrogen bonds,
the next step is the side-chain dihedral switch of
Y2887%3 from trans to gauche (Fig. 4). This switch
contributes to the movement of TM7, which tilts out-
wards ~3 A compared with the starting structure.
The gauche conformation of Y2887%3 is maintained
throughout the initial antagonist-bound apo simula-
tion. During the initial agonist-bound apo simula-
tion, Y197°®® remains in the lipid interface, similar
to the inactive conformation of rhodopsin?’ and in
the trans side-chain dihedral conformation (Support-
ing Information Fig. 6). In the initial antagonist-
bound apo simulation, this residue faces the helical
bundle and remains in the gauche conformation,
similar to the active conformations of M2, rhodopsin,
and PoAR.!1®'727 This conformation prevents the
hydrogen bond between Y2887%% and Y197°%8 from
forming. The distance between the hydroxyl oxygen
of these residues remains above 9 A throughout the
entire agonist-bound apo simulation (Fig. 5). In the
antagonist-bound apo simulation, due to the confor-
mational switch of Y1975%® the distance between
these two residues decreases. Supporting Informa-
tion Figure 6 plots the distance between Y197°%
and 198245, which represents the helical bundle.
This distance is greater than 10 A for the majority
of the initial agonist-bound apo simulation, while
Y197%%® remains in the lipid interface. In the initial

Antagonist-Bound Apo

[\
=

—_ e = = RN
B2 e ® S ©

Distance Y 5-58. Y 753 (&)

o

=]
LAl -]

0 0.5 1.5 2

1 (us)

Figure 5. The distance between the hydroxyl atoms for Y1978 and Y2887 for the agonist-bound simulation (A) and the

antagonist bound simulation (B).
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Figure 6. Distance between the R10235° — E2285 jonic
lock groups in the initial antagonist-bound apo simulation:
The smoothed distance between charged centers of R1023-%°
and E228°%% s plotted in black and the distance between the
Ca atoms in red, while the raw data in gray and pink, respec-
tively. The distance between the charged center and Ca for
inactive rhodopsin (4.5 Aand 8.6 A, respectively), shown as
orange lines (PDB ID: 1F88)."® The distance between the
charged center and Ca for active rhodopsin (16 A and

14.6 A, respectively), shown as blue lines (PDB ID: 3CAP).4”

antagonist-bound apo simulation, the distance stays
larger than 8 A, while Y1975® remains near the heli-
cal bundle. Additionally, the movement of Y197%58 is
highly coordinated with F201%52 (Supporting Infor-
mation 7A and 7B). During the initial antagonist-
bound apo simulation, the ionic lock between R10235°
and E228%%° forms for ~500 ns (Fig. 6), but it does
not form in the agonist-bound apo simulation (Sup-
porting Information Fig. 8). This lock is characteristic
of complete inactivation of GPCRs?® (Fig. 6).

Discussion

Molecular dynamic simulations allow us to visualize
the time evolution of molecular motion. In this
study, we simulated two Ass AR structures, an
agonist-bound and an antagonist-bound both with
the ligands removed. Two partial lipids and five
stearic acid molecules were crystallized with the
agonist-bound** and antagonist-bound!! structures,
respectively, but were also removed for the simula-
tions. Lipid composition has an effect on the fluidity
of the membrane and can play a part in GPCR
stability and function. In rhodopsin, the changes
between the MI and MII states are dependent on
the lipid environment.?® Additionally, a recent study
compared the molecular dynamics of A;p AR in a
POPC bilayer and a POPE bilayer and showed large
differences in the interhelical motions depending on
the environment.?® This suggests that changing the
lipid environment may have an effect on the rear-
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rangement of TM5, TM6, and TM7 and the time
scale of deactivation.

Given the same system starting in different areas
of phase space, one would expect convergence of phase
space sampling from both simulations given a long
enough time scale. In a study by Dror et al., the deac-
tivation process of B2AR took between 400 ns to 4.5
us to fully complete,?* and experimental data suggests
that it takes ~40 ms for the intracellular displace-
ment of TM6 to occur.®® After an investigation of the
agonist-bound apo and the antagonist-bound apo sim-
ulations, it was determined that the given timescale,
~1.6 us for each, was not long enough to observe con-
vergence of the ensembles yet interesting phenomena
were observed with respect to deactivation upon
which hypotheses can be suggested and tested.

The largest differences between the simulations
occurred in TM5, TM6, and TM7. A PMF was con-
structed to determine the approximate probability dis-
tribution of the simulations using the RMSD of
Y2887%3 and the distance between the ionic lock
groups as reaction coordinates. From this analysis, we
can see three different conformations from the agonist-
bound simulation and one from the antagonist-bound
simulation. In the agonist-bound simulation, Y2887%3
participates in a change in the hydrogen bond network,
eventually reducing the tilt of TM7 by ~4 A. Addition-
ally, Y197°%® faces the lipid interface during the
agonist-bound simulation, and faces the helical bundle
during the antagonist-bound simulation. The conforma-
tion of Y197%%% prevents an interaction between
Y197558 and Y2887%3, which is key for activation. On
the basis of these results, it is likely that the starting
crystal structure of the agonist-bound AgsAR is not in
the full active conformation.

The changes in the agonist-bound apo simula-
tion only occur after a sodium ion interacts with
D522%°. This residue had an estimated pKA of 8.91
in the agonist-bound structure, but was left deproto-
nated because it was in solvent in the antagonist-
bound structure. In the Anton agonist-bound apo
simulation, a sodium ion enters the sodium-binding
site, which includes D52%%° S9133% and N28074¢,
at 44 ns, and remains in this site for 74% of the sim-
ulation. The rearrangement of TM7 after sodium
binding is consistent with a previous study.>

Materials and Methods

The residues were numbered using the Ballesteros
and Weinstein format of X.YY, where X is the trans-
membrane helix number, one through seven, and
YY is the relative number from the most conserved
residue of the transmembrane helix, labeled 50.%2

System setup

The starting structure for the agonist-bound simula-
tion was solved in complex with the agonist UK-
432097 (PDB: 3QAK)!* at 2.71 A resolution, and the
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antagonist-bound structure of AssAR was deter-
mined in complex with ZM241385 (PDB: 3SEML)" at
2.6 A resolution. Two partial lipids were crystallized
with 3QAK and five stearic acid molecules were
crystallized with 3EML. Both structures were crys-
tallized with a T4 lysozyme fused to the ICL3. The
T4 lysozyme, lipid molecules, and the ligands were
removed and the missing EC2 and IC3 loops and
missing residues were modeled using Modeller.33 All
hydrogens were added using the psfgen plugin on
VMD?3* and internal water molecules were added
with Doswer.?> PROPKA®® was used to predict the
pKA of all titratable residues. All titratable residues
were left in their dominant protonation state at

pH 7.0, except D52 and H155, which were
deprotonated.

The four disulfide bonds resolved in the crystal
structures, Cys71%° Cys159%2°  Cys74322.

Cys146*57 Cys77%%-Cys166°27, and Cys259¥CL3 -
Cys2625C3 were maintained. The psfgen plugin on
VMD?* was used to generate the system topology in
the CHARMM format,>” the palmitoyl-oleoyl-
phosphatidyl-choline (POPC) lipid molecules were
added using the membrane plugin in VMD,?** and
the system was solvated using the Solvate plugin.?*
The net charge of the receptor structures was neu-
tralized and 0.15M NaCl was added. The final initial
agonist-bound apo system, used for five MD simula-
tions, had a total of 170 POPC lipid molecules, 23
sodium ions, 32 chloride ions and 5,392 water mole-
cules with a total of 76,216 atoms. The initial
antagonist-bound apo system, used for two MD sim-
ulations, had 169 POPC molecules, 23 sodium ions,
33 chloride ions, and 5,410 water molecules with a
total of 77,289 atoms. Periodic boundary conditions
were applied to both simulation systems.

Molecular dynamic simulations
All molecular dynamics simulations were initially
performed using NAMD 2.8b3.2® The CHARMMZ27
with CMAP parameter set was used for the pro-
tein,?**% and the CHARMMS36 for the POPC lipid
molecules.?” The cutoff distance for the van der
Waals and short range electrostatics was 12 A, and
the particle mesh ewald method was applied for the
calculation of long range electrostatic interactions.*!
A 2 fs time step and a multiple-time-stepping algo-
rithm®® were used with bonded and short range non
bonded interactions computed for each time step,
and long range electrostatics every two time steps.
Bonds involving hydrogen atoms were constrained
with RATTLE.*2

Initially, the lipid tails were minimized for 5000
steps and simulated for 3 ns with NVT at 300 K.
Next, the protein atoms were relaxed for 5 ns with
NPT conditions with 10 kcal/(mol*A%) harmonic
restraints applied. All structures were simulated for
an additional 5 ns with only the Ca atoms restrained
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with 5 kcal/mol*A?) harmonic restraints. One
antagonist-bound apo simulation and one agonist-
bound apo simulation were simulated for 100 ns with
everything released in NPT conditions. The produc-
tion runs on Anton?® were initiated from the final
structures of these two MD runs.

The coordinate and velocity files were converted
from the NAMD format to Anton using a script
(Supplementary Information). The initial agonist-
bound apo structure and the antagonist-bound apo
structure were then simulated on Anton for 1.57 us
and 1.75 us, respectively. M-SHAKE was applied to
the hydrogen-containing bonds,** and a simulation
time step of 2 fs was used. The cutoff distance for
the van der Waals and short range electrostatics
was 13.5 A and the Gaussian Split Ewald method*®
with a 64 X 64 X 64 grid, ¢ =2.51 A and o, =1.77
A, was applied for the calculation of long range elec-

trostatic interactions. Trajectory snapshots were
saved every 240 ps for analysis.
Five control simulations with everything

released in NPT conditions, including one 200 ns
antagonist-bound apo simulation and four 50 ns
agonist-bound apo simulations were performed using
NAMD.38

Calculation of potential of mean force

The potential mean of force (PMF) was used to study
changes in free energy based on the sampling space
of both Anton simulations as a function of directed
reaction coordinates. To identify key changes in
“deactivation,” the distance between the ionic lock
groups and the RMSD of Y2887%% were chosen as
reaction coordinates due to their role in activation.
The PMF obtained was calculated using the follow-
ing Eq. (1):¢

A&y, &)=—keTIn(p(¢y, &) (1)

where &; and &; are the reaction coordinates, kg is
the Boltzmann constant, 7" is the temperature, and
p is the probability distribution.
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