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W246°* Opens a Gate for a Continuous Intrinsic Water Pathway during
Activation of the Adenosine A,, Receptor**
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Abstract: The question how G-protein-coupled receptors
transduce an extracellular signal by a sequence of transmem-
brane conformational transitions into an intracellular response
remains to be solved at molecular detail. Herein, we use
molecular dynamics simulations to reveal distinct conforma-
tional transitions of the adenosine A,, receptor, and we found
that the conserved W246°% residue in transmembrane helix
TM6 performs a key rotamer toggle switch. Agonist binding
induces the sidechain of W246%® to fluctuate between two
distinct conformations enabling the diffusion of water mole-
cules from the bulk into the center of the receptor. After passing
the W246%* gate, the internal water molecules induce another
conserved residue, Y288, to switch to a distinct rotamer
conformation establishing a continuous transmembrane water
pathway. Further, structural changes of TM6 and TM7 induce
local structural changes of the adjacent lipid bilayer.

G-protein-coupled receptors (GPCRs) mediate most of our
physiological responses to external stimuli including neuro-
transmitters, hormones, and diverse environmental signals."!
As GPCRs are involved in many diseases and neurological
disorders, they are targets for many presently used medicines
and are of utmost interest for the development of novel
therapeutic compounds.'®? Despite of recent progress in
determining high-resolution structures of GPCRs, the central
question remains to be clarified how ligand binding to
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a receptor induces a sequence of conformational changes in
the protein mediating transmission of the signal across the
membrane and finally leading to binding and activation of
a G protein at the intracellular side of the receptor approx-
imately 3 nm away from the ligand binding site. Molecular
modeling and molecular dynamics (MD) simulations can
elucidate important steps of GPCR activation, which are not
accessible by experiments.** For example, to resolve the
important role that protein intrinsic water molecules play in
GPCR mediated transmembrane signaling.*>

Herein we concentrate on the role of intrinsic water
molecules for signal transmission by the adenosine A,,
receptor (A,,R), a prototypical member of the rhodopsin-
like class A GPCR family.”! The A,4R is expressed in a wide
variety of tissues and is of functional importance in many
central metabolic processes, such as regulation of myocardiac
function and in metabolic disorders.® The recently released
1.8 A resolution crystal structure of A,,R revealed a network
of water molecules inside the receptor.”’ This raises a ques-
tion, how the intrinsic water molecules are coupling to and
affecting the GPCR activation process, which presently
cannot be answered from static X-ray structure analyses. To
solve this problem, we first employed all-atom, 6.4 ps MD
simulations of complexes of A,,R with bound antagonist
ZMA (A,,R/ZMA) and agonist NECAP! (A,,R/NECA;
Scheme 1). In the next step we simulated the activated
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Scheme 1. AR ligands used in MD simulations.

receptor as a complex with a peptide fragment of the
corresponding G, protein at the cytoplasmic side. All the
simulations started from the 1.8 A high-resolution crystal
structure of the A,,R® (protein data bank code (pdb): 4EIY)
including 57 internal water molecules and a sodium ion at the
receptor’s allosteric site. Previously, we found that the
structures of GPCRs in their inactive states comprise
internally two distinct layers, HL1 and HL2, of hydrophobic
amino acid residues which exclude water molecules in these
regions; binding of an agonist to the receptor induces internal
protein structural changes allowing the entrance of water into
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Figure 1. Conformational fluctuations of W246°* and distribution of water molecules in the complex A,;,R/NECA. A) 3D structure of A,,R with

bound NECA. W246°“® fluctuates between two distinct conformations (I and 11) during the activation process of A,4R. At the end of the 1.6 us
MD simulations, the activated receptor in the A;,,R/NECA complex shows a continuous pathway of water molecules (red dots) mediated by

a sodium ion at the allosteric site. B) Rotamer ¥, angle of W246%® in two independent MD simulations. In the antagonist-bound complex AR/
ZMA (green and blue, two independent MD simulations), the ; angle of W246°“® remains stable during the two 1.6 us long MD simulations. In
the agonist-bound complex A,,R/NECA (red and black, two independent MD simulations), the , angle of W246°* fluctuates in each particular
simulation between two distinct states at the time scale 0.1-0.6 ps (), =2.75+0.25, conformation I; ; =140.2, conformation Il). C)-G) Average
water density at time C) 0.1-0.2 ps, D) 0.2-0.3 us, E) 0.3-0.4 ps, F) 0.4-0.5 ps, G) 1.5-1.6 ps. Red =high water density, blue =low water density.

the hydrophobic regions and the formation of a continuous
transmembrane water pathway within the receptor.t*"

Herein, we show that W246%* (Ballesteros/Weinstein
numbering'”) in TM6, which usually interacts with the
agonist molecules at the orthosteric site directly, is a “key”
residue for the rotamer toggle switches.* As depicted in
Figure 1 A B, in the agonist bound complex A,,R/NECA, the
sidechain of W246%*® fluctuates between two distinct rotamer
conformations during the initial 0.1-0.6 ps period of our MD
simulations. For clarity, we first focus on the simulations of
A, R/NECA in Figure 1B.

Interestingly, the water density inside the receptor
increases gradually as the conformational switching of
W246%% took place (Figure 1C-F). Both hydrophobic
layers, HL1 and HL2, shrink steadily over this time, and
finally a continuous water pathway is established (Figure 1 A
and G). Interestingly, W246°* remained for about 0.2-0.3 ps
in the rotamer conformation I and then switched back to its
original inactive conformation I, which is in agreement with
observations made elsewhere for fully activated GPCRs.!"!
Such a phenomenon was also found in all-atom long-time
simulations of other GPCRs.*'%

Besides the rotamer switches, bending of helices TM6 and
TM7 are further hallmarks of GPCR activation.**®] They are
also observed in MD simulations.**'??] As shown in Fig-
ure 2A, at the end of MD simulations in the antagonist
complex A,,R/ZMA, the helix kink of TM7 is almost
identical to that in the initial crystal structure. However,
when agonist was bound to the receptor, a helix movement
took place at residues 276-283 in TM7 (Figure 2B,C). This
helix segment moved about 3 A towards the center of the
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transmembrane receptor part. Similar movements also oc-
curred in TM6 (Figure S1 in the Supporting Information). In
the complex A,,R/NECA, the bending of TM6 was clearly
observed in the region of residues 222-232, which is close to
the G-protein binding site at the cytoplasmic side. However,
such changes were not present in antagonist bound A, R/
ZMA complex. Taken together, these observations are in
close agreement with crystal structures of activated
GPCRS.[la’“'g’M]

The analysis of the interaction between residue side
chains (Figure 2D,E) shows that in the antagonist bound
complex A,,R/ZMA most of the residues inside the receptor
contacting multiple neighbors as depicted in a big circle in
Figure 2D. The MD simulations revealed also residues with-
out any internal protein contacts, most of which are located
on the receptor surface or in loops (Figure 2D bottom,
scattered dots). By contrast, in the agonist bound complex
A,uR/NECA (Figure 2E), the interactions between side
chains inside the receptor were disrupted by helix bents,
accompanied by water influx, which forced side chain
interactions to occur in small local groups requiring larger
space. As before, residues without any contact were prefer-
entially found on the surface of the receptor or in loops.

Interestingly, the distinct conformational changes in A,y R
induced by various ligands lead to distinct local patterns of
bilayer deformations around the receptor. Such differences
are results of hydrophobic lipid tails tending to match the
hydrophobic surfaces at the different TM helixes. For
example, the hydrophobic lipid bilayer surrounding the
inactive A, R/ZMA complex (Figure 2F) is thicker than
that of the activated A,,R/NECA complex (Figure2G),
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Figure 2. Helix bending of TM7 induces activation of AjR. A) Superimposed TM7 helices arising from the resting-state crystal structure (gray)
and the structures at the end of 6.4 us MD simulations of A,,R/NECA (green), and A;yR/ZMA (cyan). The transition from an inactive receptor
(bound antagonist) to an activated receptor (bound agonist) is accompanied by 3 A movement of the central, bent region of TM7 indicated by the
arrow. B) Bending of TM7 in Aj.R/ZMA. C) Bending of TM7 in A;,,R/NECA. In B,C, the bending is characterized as the local angle of the indicated
three successive amino acid residues given in a color scale (left of (B)). D) Side-chain interactions in AjR/ZMA during final 0.1 ps MD
simulations. Residues in the helix and in the loop are red and cyan dots, respectively. Line connections indicate residues’ contact (for details, see
Supporting Information). E) Side-chain interactions in A;,R/NECA during final 0.1 us MD simulations (for details, see Supporting Information).

F) Average hydrophobic thickness profile of the lipid bilayer surrounding A,;,R/ZMA during final 0.1 us MD simulations. G) Average hydrophobic
thickness profile of the lipid bilayer surrounding A;R/NECA during final 0.1 us MD simulations.

especially in the region next to TM6 and TM7. These
observations are in agreement with our findings that TM6
and TM7 show much more pronounced bents in the activated
(A,AR/NECA) than in the inactive (A,,R/ZMA) receptor
state which were matched by the hydrophobic lipid tails
leading to a local reduction of the lipid bilayer thickness. The
local changes of the bilayer structure might in turn have
a profound influence on the receptor properties, for example
inducing receptor dimerization or oligomerization.'”! Such
mutual influence between membrane proteins and their
surrounding lipids is widely discussed to be a central mech-
anism for the regulation of membrane structure and func-
tion.l"®!

In conclusion, our all-atom long-time scale MD simula-
tions revealed a central signal transmission switch during the
initial stages of activation of the A,,R (Figure 3). Our results
show that the activation process of A,,R proceeds in the
following steps: First, the binding of an agonist molecule
NECA at the orthosteric site of the receptor leads to
a structural rotation transition in the side chain of W24654,
This movement opens a gate allowing the diffusion of water
molecules from the bulk phase towards the central, internal
space of the receptor, with the mediating help of a sodium ion
at the allosteric receptor site.’ During this motion of water
molecules the other highly conserved residue, Y288" at the
NPxxY motif®! close to the G-protein binding site, also
performs a structural rotation transition during GPCR
activation (Figure S2A). Now, in the present context, it
leads to a coherent mechanism in which the incoming water
molecules after passing the W246°* gate induce Y288"* to
switch to a distinct rotamer conformation, which finally
establishes a continuous transmembrane pathway of water
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Figure 3. Formation of a continuous water channel during transmem-
brane signaling in the A;,R proceeds in a sequence of steps: 1) Bind-
ing of the agonist NECA at the orthosteric site induces W246°*
rotational fluctuations. 2) Water molecules from the bulk phase flow
into the receptor (upper red arrow). 3) The movement of water
molecules is mediated by a sodium ion to induce conformational
switching of Y288"* and in turn the formation of a continuous water
pathway across the receptor (lower red arrow). Further movement of
water molecules leads to bending of TM6 and TM7 enabling G-protein
binding and activation at the cytoplasmic side of the receptor.

molecules. In addition, the successive movement of water
molecules induces the structural changes of TM6 and TM7,
first bending and then rotation, which finally enable binding
and activation of G-proteins at the intracellular site of A,,R.
During this process, the conformational changes of the
receptor couple to the lipid membrane and force the thickness
of the hydrophobic part of the lipids close to TM6 and TM7 to
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shrink noticeably which in turn could have substantial
consequences on the receptor’s function.

Experimental Section

The membrane system was built by g membed!'” tool in Gromacs!'!
V4.6.3 with receptor crystal structure pre-aligned in the OPM
(orientations of proteins in membranes) database.” Pre-equilibrated
132 POPC lipids coupled with 9200 TIP3P water molecules in
a periodic box of 70x70x98 A were used to build the protein/
membrane system. The protein was modeled using Amber99SB-ILD
force field® with improved side-chain torsion potentials of
Amber99SB force field; the POPC lipids were modeled using the
Amber Slipids force field?! parameter set; the ligands were modeled
using the Amber GAFF small-molecule force field.”? Next, an
additional 40 ns constrained equilibration was performed at constant
pressure and temperature (NPT ensemble; 310 K, 1 bar), and the
force constant was gradually changed from 10 kcalmol™' to 0 kcal
mol~'. The results obtained from MD simulations were analyzed in
Gromacs!'® and VMD.”®! The water density was calculated in
Gridcount,? a patched tool in Gromacs, and the calculations were
performed based on MD simulation trajectories from each case. The
bending of helix was calculated in Bendix®! with default settings.
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