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ABSTRACT: Achieving a molecular-level understanding of G-protein-coupled Asp2-50

receptor (GPCR) activation has been a long-standing goal in biology and could

be important for the development of novel drugs. Recent breakthroughs in 3
structural biology have led to the determination of high-resolution crystal ‘ [H*] (j ¥
structures for the 3, adrenergic receptor (,AR) in inactive and active states, w Y

which provided an unprecedented opportunity to understand receptor signaling
at the atomic level. We used molecular dynamics (MD) simulations to explore

£>

the potential roles of ionizable residues in $,AR activation. One such residue is Inactive Active
the strongly conserved Asp79**°, which is buried in a transmembrane cavity and

becomes dehydrated upon $,AR activation. MD free energy calculations based 0 . 0
on AR crystal structures suggested an increase in the population of the % (H*] %

protonated state of Asp79™*° upon activation, which may contribute to the o OH

experimentally observed pH-dependent activation of this receptor. Analysis of

MD simulations (in total >100 us) with two different protonation states further supported the conclusion that the protonated
Asp79*° shifts the conformation of the ,AR toward more active-like states. On the basis of our calculations and analysis of
other GPCR crystal structures, we suggest that the protonation state of Asp>** may act as a functionally important microswitch in
the activation of the ,AR and other class A receptors.

he G-protein-coupled receptors (GPCRs) make up a large toward an active state characterized by a ~14 A shift for

family of membrane-bound proteins' that have received transmembrane (TM) helix 6 and G-protein binding.4’5
considerable attention in drug discovery. GPCRs signal across Interestingly, the reorganization of the transmembrane helices
cellular membranes in response to the presence of hormones, for the ,AR were remarkabl;f similar to those present in the
neurotransmitters, and a wide variety of other extracellular crystal structures of opsin,é’ the A,, adenosine receptor®’
molecules. In particular, the binding of certain ligands to the (A34AR), and the M, muscarinic receptor (MZMR)IO’11 in
extracellular (orthosteric) binding site of a GPCR favors a active-like states, which suggested that GPCRs share features in
conformational change in the receptor known as activation, their activation mechanism.”> However, crystal structures
which facilitates coupling of the receptor to cytosolic G- provide only static pictures of GPCR signaling, and it is still
proteins. Drugs may act by favoring activation (agonists), not entirely clear how the signal induced by agonist binding is
disfavoring it (inverse agonists)) or s]mply blockjng the blndlng transmitted to the intracellular side. It is evident that the
of other ligands to the orthosteric site (neutral antagonists). conformational ensemble available to the $,AR cannot simply

A long-standing goal of GPCR research is to understand the be divided into active and inactive states.'” NMR and

mechanism of activation in atomistic detail. A major step fluorescence spectroscopy experiments have instead supported
toward this goal has been the determination of multiple high- a diverse energy landscape, which leads to different conforma-
resolution structures for GPCRs,> which provided invaluable tional ensembles of the receptor depending on the nature of the
insights into how signaling across the cell membrane is bound lli§a{16d and the presence of intracellular binding
accomplished. One of the prototypical GPCRs is the f, partners.”” ° Both crystal structures and molecular dynamics
adrenergic receptor (,AR). There are now crystal structures (MD) simulations of the $,AR have suggested an allosteric
of the 5,AR in both the inactive state,” with a bound inverse network connecting the orthosteric site and the intracellular
agonist, and the active state complex with an agonist and G-
protein.* These structures demonstrated that activation Received: July 15, 2014
involves only subtle changes in the orthosteric site, which Revised:  October 21, 2014
shifts the conformational equilibrium on the cytosolic side Published: October 27, 2014
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domain,"”~?" but it is still not clear how more receptor specific
signaling properties, such as activation of different intracellular
pathways or basal activity, are encoded in the three-dimensional
structures.

Biophysical and biochemical experiments have identified
conserved sequence motifs that appeared to be key
components of the activation mechanism.”>">* As crystal
structures of GPCRs in inactive and active states are now
available, the role of these “molecular switches” can be analyzed
at the atomic level. One such proposed switch is a salt bridge
between the strongly conserved Arg**’ in the “DRY motif” and
Glu®* in TM helix 6 (superscripts represent Ballesteros—
Weinstein numbering™®), which was proposed to stabilize the
inactive state and become disrupted upon activation (termed
the “ionic lock”).?® The ionic lock has been absent in inactive
state 4,AR crystal structures but was demonstrated to form in
MD simulations'®*° and was subsequently observed in
structures of the closely related ;AR As expected, the
ionic lock was found to be broken in active conformations of
the $,AR.* Similarly, the rotameric state of conserved residue
Trp®* has been hypothesized to act as a “toggle switch” that
modulates the equilibrium between the active and inactive
conformations of TM helix 6.**** Considerable focus is now
being directed toward understanding how GPCRs are allosteri-
cally regulated, e.g., by cholesterol, water molecules, or
ions.”*”~*° Crystal structures of the $,AR and A,,AR have
revealed specific binding sites for cholesterol.”” Recent high-
resolution structures of class A GPCRs [A,,AR,***° §-opioid
receptor (5-OR),”® protease-activated receptor 1 (PAR1),*
and thermostabilized $,AR**] also led to the identification of
an jon binding site in the transmembrane region, which
explained the sodium-dependent effects on activation observed
for several of these receptors.”® Clusters of water molecules in
the transmembrane region are also conserved across multiple
crystal structures, and many of these interact with conserved
residues, sug§esting that they may be involved in receptor
activation.”*>* GPCR activation and ligand binding have also
been shown to be pH-dependent in several cases, which
suggests that ionizable residues may be important for receptor
function.**™** However, the resolution of GPCR crystal
structures does not typically allow identification of water
networks and protonation states of ionizable residues, which
makes it difficult to understand the potential roles of these in
signaling.

The focus of this work was to investigate the pH dependence
of activation for the f,AR and, more generally, the role of
conserved ionizable residue Asp79**° in GPCR signaling.
Kobilka and co-workers have shown that both basal activity and
the level of agonist-induced activation for the ,AR are greater
at pH 6.5 than at pH 8,%” which suggested that changes in the
protonation states of ionizable residues are involved in
activation. As expected, a majority of the ionizable residues
were found to be solvent-exposed and not likely to be involved
in the observed pH dependence. Five acidic residues (Asp792'50,
Aspl113*%?, Glul122**, Asp130**’, and Glu268%*) were
identified as candidates for the pH dependence of activation,
and three of these were mutated to alanine (Glul223*,
Asp130*¥, and Glu268%*°). Among these were Asp130>*,
which has been shown to be responsible for the pH-dependent
activation of rhodopsin,38 and Glu268°*°, which has been
suggested to be important for stabilizing the inactive state by
engaging in an “ionic lock” with Arg131**’. None of the three
investigated mutants significantly altered the pH dependence of
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basal activity observed for the wild-type receptor. This
suggested that the pH dependence of activation for the 3,AR,
in contrast to that for rhodopsin, cannot be explained solely by
the protonation of Asp130** but that other ionizable residues
must also play a role. The potential roles of residues Asp79*>
and Asp113*3 were not investigated in the study by Kobilka
and co-workers because mutations at these positions resulted in
nonfunctional receptors. Asp113** is conserved among the
aminergic GPCRs and is directly involved in agonist and
antagonist binding. Asp79**° is conserved in 94% of all class A
GPCRs* and is part of a buried cavity in the transmembrane
region. While Asp79>*° is not directly involved in orthosteric
ligand binding, it has been shown to be critical for signaling in
mutagenesis studies and suggested to be involved in the
conformational changes associated with activation.**™**

Identification of the residue(s) responsible for the pH-
dependent behavior of the ,AR could provide insights into
how this receptor is modulated by protons and shed further
light on the mechanism of activation. To investigate the pH
dependence of $,AR activation, we conducted a series of MD
free energy calculations focused on determining the change in
pK, values for Asp79**° and Asp113*** upon activation. The
free energy calculations predicted a large increase in pK, for
Asp79*%°, which provided an explanation for the increase in
P,AR basal activity and activation at low pH values. Analysis of
more than 100 ps of MD simulations with ionized and
protonated Asp79>° supported the possibility that the
ionization state of this residue might affect the equilibrium
between active and inactive conformations in the TM region.
Together, our results suggest that protonation of Asp>* could
be one of the important microswitches in activation of the
B,AR and other class A GPCRs.

B METHODS

Molecular Dynamics Free Energy Calculations. The
MD free energy calculations were performed using crystal
structures for the inactive [Protein Data Bank (PDB) entry
2RH1] and active states (PDB entry 3SN6*) of the 5,AR. In
the first step, a hydrated POPC membrane was first equilibrated
around the $,AR structure using periodic boundary conditions
in GROMACS4.5* with the OPLSAA force field,*® TIP3P
waters,”” and Berger lipids.*® In this simulation, all protein
atoms were tightly restrained to their initial coordinates and the
hydrated membrane was equilibrated for 40 ns at 300 K. The
free energy calculations were conducted starting from the
membrane-equilibrated $,AR systems using spherical boundary
conditions in the program Q.* The same force field parameters
for protein, water, and lipids were used, and parameters for the
ligands were obtained using Schrodinger’s program hetgrp ff-
gen [part of Schrodinger utilities software (http: //www.
schrodinger.com)]. The simulations were conducted at a
constant temperature of 310 K**° in a spherical droplet with
a radius of of 26 A centered on the Cy atom of Asp79**° or
Asp113>*2, All atoms within 26 A of the center of the sphere
were explicitly included in the simulations. Atoms outside the
sphere were tightly restrained to their initial coordinates and
excluded from nonbonded interactions. Asp, Glu, His, Lys, and
Arg residues within the spherical system were assigned
protonation states by manual inspection. Apart from
Asp79**° and Asp113*%, the only ionizable residue in the
transmembrane region is Glul22, which was kept neutral in all
simulations. The total charge of the sphere was zero in all cases,
which was accomplished by either adjusting charges of ionzable
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residues at the sphere edge or adding sodium ions to the
system. This was done to avoid problems associated with
insufficient solvent shielding of surface charges and to eliminate
contributions from the Born term that arises when the
carboxylate becomes charged in the free energy calculations.®!
The SHAKE algorithm®> was applied to all solvent bonds and
angles, and the water molecules at the sphere surface were
subjected to radial and polarization restraints.*”>> A non-
bonded cutoff of 10 A was used for all atoms except for the
atoms that change force field parameters in the FEP calculation,
for which no cutoff was applied. Long-range electrostatic
interactions were treated with the local reaction field (LRF)
multipole expansion method.>* The time step was set to 1 fs,
and nonbonded pair lists were updated every 25 steps.

To compute the relative free energy of deprotonation, the
aspartic acid of interest (Aspl113°*? or Asp79**°) was
alchemically transformed from protonated to ionized in inactive
and active conformations of the AR The free energy of
deprotonation was computed using the free energy perturba-
tion (FEP) technique, and the calculation was conducted via
several intermediates. The potentials governing the intermedi-
ate states are defined by U,, = 4,,U, + (1 — 4,,) Uy, where A and
B represent two different end states, in this case the ionized and
protonated aspartic acid residue, respectively, and 4, is a
mapping parameter that varies from 0 to 1. The free energy
difference between states A and B can be calculated by
summing up the free energy differences of the n intermediate
states using

FEP __
AGA—)B - m

n—1
—kT Z 1n<e-(Um+1—Um)/kT>
m=1

where (..),, represents an ensemble average on the potential
U,, which is calculated from MD simulations.>> The free
energy was computed in 22 steps, in which the partial charges,
van der Waals parameters, and torsional parameters were
changed according to the OPLSAA force field. At each of the
23 J states (1, 0.95, 0.9, 0.85, 0.8, 0.75, 0.7, 0.65, 0.6, 0.55, 0.5,
045, 0.4, 0.35, 0.3, 0.25, 0.2, 0.15, 0.1, 0.06, 0.04, 0.02, and 0),
an equilibration, in which harmonic restraints on the solute
atoms were gradually released, was performed for 0.7 ns. The
equilibration was followed by unrestrained simulation for 1.5 ns
for each A value, in which energies were extracted every 50 fs.
Three independent simulations were conducted for each 4
state, and the energies were combined to calculate the free
energy (simulations A—C, F, and G in Table S1 of the
Supporting Information) The errors were estimated from the
difference between the forward and backward summation of
free energies. In theory, the contributions from distant charges
(at the sphere border and outside the sphere) must be added,
for example, using a screened Coulombic potential.*® However,
as the difference in free energy between the active and inactive
state structures was taken, this term was essentially negligible.
The relative pK, difference for the residue of interest
(Asp113*3 or Asp79>*°) between the active and inactive
states of the receptor is calculated as the difference in the free
energy of deprotonation divided by RT In(10) = 1.4 kcal/mol.

PROPKA Calculations. The empirical pK, calculations were
performed using PROPKA3.0 and PROPKA3.1.” All parts of
the structure that were not part of the receptor or associated G-
protein in the case of active structures were removed. In all
cases, the pK, values were determined in the absence of a
membrane. The absence of phospholipids should not affect the
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calculations significantly as this method estimates the pK, value
from local interactions and the considered aspartic acid residues
are buried in the core of the receptor. Five crystal structures
were used to predict the pK, of Asp79>*° in the inactive state
(PDB entries 2RHI1, 3NY8, 3NY9, 3NYA, and 3D4S).>*"3®
Five ,AR structures were used to represent the active state
conformation (PDB entries 3P0G, 4LDL, 4LDE, 4LDO, and
3SN6).*'7* Four structures were used for the rhodopsin/
opsin inactive state pK, calculations (PDB entries 1F88, 3C9L,
1U19, and IGZM).éo_é5 Four structures (PDB entries 3CAP,
3PQR, 3PXO, and 3DQB) were used for the active state pK,
calculations of rhodopsin.*” For the active-like rhodopsin/
opsin structures, the positions of atoms OD1 and ND2 of
residue AsnSS'*" were altered in line with the hydrogen
bonding environment around this residue. Nine structures were
used for the A,,AR inactive state pK, calculations (PDB entries
3EML, 3REM, 3VGA, 3VGY, 3UZA, 3UZC, 4EIY, 3REY, and
3PWH).>?%¢% Three structures of the A, AR were used for
the active-like state pK, calculations (PDB entries 3QAK,
2YDO, and 2YDV).*°

Molecular Dynamics Simulations of the Inactive State
Using Periodic Boundary Conditions. The MD simulations
for the B,AR were performed using a crystal structure of the
inactive state of the receptor (PDB entry 2RH1%). The T4
lysozyme insertion was removed from the structure, and as in
previous studies, intracellular loop 3 was not included in the
simulations."® The membrane and solvent were first equili-
brated as described in the previous section. The dimensions of
the equilibrated system roughly measured 94 A X 94 A X 105 A
and included 232 lipid molecules and 15946 water molecules.
The coordinates from this equilibration were taken as the
starting point for two simulations with protonated and ionized
Asp79*%°. The number of ions in the system was adjusted to
maintain the overall neutrality of the system. The temperature
was kept constant using a Nose-Hoover thermostat,®””® while
the pressure was maintained at 1 bar using a semi-isotropic
Parrinello-Rahman barostat’’ with a coupling of 2 ps. A
compressibility value of 4.5 X 107> bar™' was used. The long-
range interactions were calculated using the particle mesh
Ewald (PME) method.”* A 1.2 nm cutoff was used for short-
range interactions. The LINCS algorithm was used to constrain
bond lengths in all atoms of the system.”> The two systems
were then equilibrated for 1.25 ns in GROMACS4.5* at 310 K
using a 2 fs time step. During the equilibration, the harmonic
restraints on the protein atoms were gradually released. This
was followed by a total of 1.1 and 1.7 ps [two independent
simulations of 1.1 and 0.6 ns, respectively (simulations D and E,
respectively, in Table S1 of the Supporting Information)] of
unrestrained production runs at 310 K with the ionized and
protonated Asp79™%, respectively.

Cavity Volume Calculations. Cavity volumes were
calculated using the mdpocket suite of the fpocket program.”
Pocket identification was performed using values slightly lower
than the default parameters for mdpocket, with a minimum
sphere size of 2.65 A and a maximum of 5.5 A. Calculations of
cavity volume over all the snapshots were then performed using
a minimum sphere size of 2.5 A and a maximum of 5.5 A, to
obtain a better description of the cavity volume. For the
simulations that were conducted in this work, the volume was
calculated using 110 snapshots from the 1.1 ps simulation with
the ionized Asp79**° and 170 snapshots for the simulations,
totalling 1.7 us for the protonated Asp79**°. MD simulation
trajectories of the f,AR generated by Dror et al., which were
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Figure 1. Analysis of conformational changes upon 3,AR activation for Asp79*° based on crystal structures. Crystal structures of inactive (A and C)
and active (B and D) states of the $,AR (PDB entries 2RH1 and 3SN6, respectively). Hydrogen bonds are shown as black dashed lines. This figure

was generated with PyMOL (version 1.4.1).

initiated from an active conformation, were also analyzed."?
The five simulations with the ionized Asp79**° (simulation H
in Table S1 of the Supporting Information) correspond to
condition “D” in the original work (see Table S1 of the
Supporting Information of Dror et al.'”) using the trajectories
with lengths of 10.0, 8.0, 6.4, 5.0, and 5.0 ps. The four
trajectories with the protonated Asp79**° (simulation I in
Table S1 of the Supporting Information) correspond to
condition “I” in the original work."> Snapshots were obtained
every 18 ns, which resulted in 1867 and 4249 snapshots in total
with the ionized and protonated Asp79*, respectively.

B RESULTS

Analysis of Conformational Changes upon f,AR
Activation Based on Crystal Structures. pK, values of
ionizable residues vary by several units depending on the local
environment, and their protonation states can strongly
influence the conformation of a protein. Thus, at a microscopic
level, the pH dependence of protein function is determined by
the protonation states of its ionizable residues. The observed
pH dependence of J,AR activation suggested that the
protonation state for one or several ionizable residue favors
active conformations of the receptor at low pH.>” In a first step,
structural changes upon $,AR activation that involve ionizable
residues were analyzed on the basis of available crystal
structures. Particular focus was placed on Asp79*%° and
Asp113*# as these had been suggested to be candidates for
involvement in the pH dependence of $,AR activation, but it
was difficult to assess the roles of these experimentally.>’
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Asp79*° is deeply buried in the transmembrane region and
is in close contact with several conserved sequence motifs in
class A GPCRs, e.g., the NPxxY motif in TM helix 7. Asp™*° is
present in 94% of all class A GPCRs, and such strong
conservation of an aspartic acid in the transmembrane region is
indicative of a functional role as burial of an ionizable residue is
energetically unfavorable.”> The crystal structures of inactive
and active states of the ,AR revealed that the environment
surrounding Asp79>*° changes significantly upon activation. In
the inactive state, Asp79™*" is located in a cavity with up to 10—
12 water molecules. The volume of this cavity was found to
range between 287 and 396 A’ with an average of ~350 A’
based on five crystal structures of the ,AR (Figure 1A and
Table S2 of the Supporting Information). The side chain
carboxylate of Asp79™*° mainly interacts with cavity waters but
also forms a hydrogen bond with Ser3197#. In addition, the
residue forms a network of water-mediated contacts to
Ser120** and Asn3227* (Figure 1C). In the active state of
the $,AR, a majority of all water molecules are expelled from
the Asp79**° cavity and its volume is reduced to an average of
~200 A% with values ranging from 170 and 231 A* (Table S2 of
the Supporting Information).* This contraction involves the
tilting of TM helices 3 and 7 with several side chains moving
into the cavity. The conformational changes bring strongly
conserved residues, e.g., Ser120>* and Asn3227*, within direct
hydrogen bonding distance of the side chain carboxylate of
Asp79*%° (Figure 1D). The large structural changes in the
vicinity of Asp79>*° upon activation suggested that this residue
could be responsible for the observed pH dependence of 3,AR
function.
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Biochemistry

A second residue hypothesized to be responsible for the pH
dependence of activation was Asp113**, which is located in the
orthosteric site and involved in both agonist and antagonist
binding.37 The structure of the orthosteric site of the #,AR was
found to be relatively rigid as judged by similar receptor
conformations for the receptor in complex with ligands of
varying efficacies.”® The conformational changes in orthosteric
site upon activation of the 3,AR essentially only involved slight
contraction of the binding pocket.*'” The differences in the
local environment around Asp113*** between the active and
inactive states were significantly smaller than in the case of
Asp79*%°. The interactions with the surrounding residues
remain the same in both crystal structures (Figure 2), which

Thr110 Trp109
Asp113 é Valgé
Val114

Tyr316

Val117

Figure 2. Analysis of conformational changes upon f,AR activation for
Asp113*% based on crystal structures. Crystal structures of inactive
(PDB entry 2RH1, green) and active (PDB entry 3SN6, cyan) states
of the 5,AR. This figure was generated with PyMOL (version 1.4.1).

suggested that activation would not result in a significant shift
of protonation for this residue. In addition, as both inverse
agonists and agonists of the S,AR typically are cations,
Asp113*# should remain ionized in both active and inactive
conformations of the receptor.

Shift in the Protonation State of Asp79**° upon
Activation of the f,AR from MD Free Energy Calcu-
lations. To further quantify changes in protonation for
Asp79**° upon activation, we turned to MD simulations with
explicit representation of protein, membrane, and water
molecules. In contrast to the static crystal structures, the
simulations involve averaging over a large number of
conformations and accurately accounts for shifts in protonation
caused by changes in receptor structure and desolvation. As
absolute pK, values are challenging to predict accurately with
current force fields,”® the free energy calculations were
complemented by empirical methods to assess if changes in
protonation states would occur in a pH range relevant for
physiological conditions.

Compared to Vanni et al,*® we had the advantage of access
to crystal structures of both active and inactive states of the
P.AR. The shift in pK, value upon activation could thus be
computed directly from a thermodynamic cycle that involves
calculation of the free energy of deprotonation from MD
simulations of the crystallographic structures in inactive and
active states (Figure S1 of the Supporting Information).56’76’77
The MD simulations were conducted in a sphere with a radius
of 26 A centered on the aspartic acid residue of interest. Atoms
within the sphere were treated as flexible in the simulation,
whereas residues outside this radius were tightly restrained to
their crystal coordinates to maintain the receptor in the active
or inactive conformation. For example, the spherical system
involving calculations for Asp79>*° included the cavity
surrounding this residue, the orthosteric site, and conserved
residues (e.g., the ionic lock and NPxxY motifs), as well as the
parts of the G-protein that interact with the receptor in the
active state (Figure S2 of the Supporting Information). The pK,
value of Asp79**° was not expected to be strongly coupled to
any other ionizable residues as these were >10 A away. In the
case of Asp79*, calculations were conducted in the presence
and absence of the cocrystallized ligands to investigate the
potential influence of ligand binding on the pK, of this residue.
On the basis of the crystal structures, we did not expect a shift
in pK, for Asp113*32, but for comparison, we also calculated the
change in free energy of deprotonation for this residue in the
absence of orthosteric ligands.

The deprotonation of the side chain carboxylate was
conducted in 22 steps in which a negative charge was gradually
introduced on the residue. The free energy change for each step
was calculated using Zwanzig’s formula, and the total free
energy of deprotonation was calculated as the sum of all steps.>
The number and distribution of states were optimized to
achieve converged free energies with errors of <1 kcal/mol. As
an additional control experiment, the free energy of
deprotonation was calculated for the 051 and O62 carboxylate
atoms, which yielded very similar pK, shifts for both Asp79*>
and Asp113*% In total, more than 100 ns was used to calculate
each free energy of deprotonation. No large structural
fluctuations were observed within the sphere in these
simulations, and the average backbone rmsds from the crystal
structure for the Asp79** calculations remained <0.5 A for
both the active and inactive conformations throughout the
simulation. The changes in free energy as the side chain
carboxylate of Asp79>° was deprotonated in the inactive and
active state are shown in Figure S3 of the Supporting
Information.

The calculated free energies of deprotonation for Asp7
and Asp113*3 in the inactive and active states of the ,AR are
listed in Table 1. The shift in the free energy of deprotonation
for Asp79™*° upon activation was 4.5 kcal/mol for the ligand-
bound structures and 5.3 kcal/mol for the apo structures. These

2.50
95

Table 1. Summary of Calculated Free Energies of Deprotonation from MD Simulations®

AGdepmtonntion (kcal/ mol)

residue orthosteric ligand inactive
Asp79*% yes —489 + 02
Asp79*%° no —49.1 + 0.2
Asp11333 no —59.4 + 04

active AAGgeprotonation (kcal/mol) ApK,
—44.4 + 0.1 45+03 3.2
—43.8 + 0.2 53+ 04 3.7
—584 + 0.1 1.0 + 0.6 0.7

“Free energies of deprotonation for Asp79>*° and Asp113*3 of the 5,AR from MD free energy calculations and the difference in pK, between

inactive and active state conformations.
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differences corresponded to pK, shifts of 3.2 and 3.7 units,
respectively, suggesting that the protonated Asp79**° was
significantly more favored in the active conformation. The pK,
shift was thus due to the receptor conformations, rather than
the presence of the orthosteric ligands themselves. For
Aspl13**, no large changes in conformation could be
identified from the structural analysis of the orthosteric site
of the B,AR crystal structures, and the free energies of
deprotonation were also significantly smaller [0.7 pK, unit
(Table 1)] compared to that of Asp79>*°. This small shift was
likely due to the slight contraction of the orthosteric site
observed upon activation.'”

To understand the large shift in pK, upon activation obtained
in the free energy calculations for Asp79**, we analyzed the
interaction energies between Asp79**° and the receptor and
solvent separately. As expected for ionization free energies, a
majority of the contribution to the pK, shift was due to changes
in electrostatic interactions. To investigate the balance between
solvent and protein contributions to the free energy, the
electrostatic interaction energies between Asp79**° and its
surroundings were calculated for the protonated and ionized
side chain carboxylate, which is summarized in Figure 3. The

60,

40

[
(=]

AE (kcal/mol)
(=}

b
S

Protein

&

Water Total

Figure 3. Energetic contributions from water and protein to the
Asp79™%° pK, shift. Change in electrostatic interaction energies (AE)
between the protonated and ionized Asp79>*° upon activation from
the MD free energy calculations. The electrostatic interactions with
protein and water and the total are shown separately.

electrostatic interaction energies with water for the protonated
Asp79*>° were similar in both the active and inactive states
(—13.8 and —12.3 kcal/mol, respectively), whereas they were
significantly more favored in the inactive state for the ionized
Asp79*%° (=79.7 kcal/mol) than in the active state (—25.5

keal/mol). This 54.2 kcal/mol difference in interaction energy
was compensated by favorable electrostatics of —33.4 kcal/mol
with the protein in the active state, but the net result was a large
stabilization of the ionized Asp79** in the inactive state. This
agreed well with the inactive and active state f,AR crystal
structures. Activation involves a contraction of the cavity
around Asp79>*, leading to a reduction in the number of
solvent interactions for the side chain carboxylate. This loss of
favorable electrostatic interactions leads to a strong stabilization
of the protonated form of Asp79™*° in the active state. Two
representative MD simulation snapshots of the ionized
Asp79* in the active and inactive states are shown in Figure 4.

Whereas the free energy calculations showed that the pK, of
Asp792‘50 was shifted toward higher values in the active state, it
was not clear if shifts in protonation would occur in a pH range
relevant for physiological conditions. An estimate of the
absolute pK, values of Asp79>*° was obtained using the
PROPKA method,”” which is a widely used empirical approach
to investigate the protonation states of ionizable residues in
proteins. In a recent benchmark of empirical and continuum
electrostatics approaches, PROPKA was found to be the most
accurate method for the prediction of absolute pK, values.”® As
the PROPKA method is orders of magnitude faster than MD
free energy calculations, a large number of S,AR crystal
structures could be included in these calculations. We did not
attempt to quantify the shift in pK, upon activation as the
method is based on static structures and empirical methods
generally have problems with predictions of desolvation
penalties, which were found to be the main source of the
shift in protonation state in the MD free energy calcu-
lations.>””® Ten high-resolution structures of the $,AR in the
inactive®'” or active conformations®'”** were used in the
PROPKA calculations. For the inactive ,AR crystal structures,
the pK, value for Asp79**° was predicted to be between 6.9 and
82. The calculated values for the structures in an active
conformation ranged between 7.3 and 8.1. PROPKA thus
predicted that the pK, value of Asp79™*° was elevated to a range
relevant under physiological pH conditions (Table S2 of the
Supporting Information).

Microsecond Molecular Dynamics Simulations of the
B,AR with lonized and Protonated Forms of Asp79%°°,
To investigate how the overall structure of the f,AR was
affected by the protonation state of Asp79>“°, we analyzed a set
of MD simulations conducted with either ionized or protonated

A

T™M3 T™M2

0

Ser319

<<€

T™M3 TM2

Ser319

Asn322

Figure 4. Snapshot from molecular dynamics of ionized Asp79>*° in the inactive and active conformations. Representative snapshot of (A) inactive
and (B) active states of the $,AR. Asp79>*° is ionized, and hydrogen bonds are shown as black dashed lines. This figure was generated with PyMOL

(version 1.4.1).
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side chain carboxylate. Whereas the free energy calculations
were conducted using spherical boundary conditions, which
maintained the receptor in an overall active or inactive state,
these simulations were conducted with a fully flexible receptor
in a hydrated lipid bilayer (Figure S2 of the Supporting
Information). First, we conducted simulations initiated from a
crystal structure representative of the inactive state of the $,AR
with either protonated or ionized Asp79**. In a second step,
we analyzed a set of previously published MD simulations
initiated from an active state crystal structure of the f,AR,
which also were conducted for both protonation states of
Asp79*%0.19

Two sets of MD simulations were first conducted starting
from an inactive structure (PDB entry 2RH1 ) These were
performed in the absence of the cocrystallized ligand with two
different ionization states of Asp79**° to investigate the effect
of pH on receptor structure. A total of 1.1 and 1.7 us were
generated for the ionized and protonated forms of Asp79>*°,
respectively (simulations D and E in Table S1 of the
Supporting Information). As judged by the rmsd from the
backbone atoms to the crystal structure (Figure S4 of the
Supporting Information), no large conformational changes
were observed in this simulation time, and thus, the receptor
remained in conformations representative of the inactive state.
One of the major differences between the active and inactive
crystal structures was the change in the volume of the hydrated
cavity surrounding Asp79*>° (Figure 1). To investigate how the
protonation state of Asp79>*" affected the cavity volume, we
analyzed both simulation trajectories using the mdpocket
program.”* The cavity volume for the simulation conducted
with the ionized Asp79**° (386 A’) was on average larger than
in the simulation with the protonated form (304 A®). The
difference in volume appeared to originate from multiple small
changes in the cavity structure, e.g, side chain reorientations for
Ser120>% and Phe282%*. For example, the distance between
the Asp79>*° carboxylate oxygen and the side chain oxygen of
Ser120** was <4 A in 28% of the snapshots from the
simulations with protonated Asp79>*°, whereas the occupancy
was only 6% in the simulations with the ionized Asp79*>°
(Figure SS of the Supporting Information).

In a second step, we analyzed simulation trajectories that had
been initiated from an active state crystal structure of the f,AR
(PDB entry 3P0G'7). This structure was determined in the
presence of a G-protein-mimicking nanobody, which stabilized
an active state conformation. Dror et al. conducted simulations
of the receptor in complex with the agonist, but without the
nanobody.” Of the 76 simulation trajectories generated by
Dror et al., 39 were found to reach an inactive-like state and
were used to elucidate the activation mechanism. These
simulations provided an excellent complement to our pK,
calculations as they had been performed with both ionization
states for Asp79>’. As our goal was to assess the impact of the
Asp79*° protonation state on f3,AR structure, trajectories were
considered irrespective of whether the inactive state was
reached in the simulations. Four simulation trajectories with
protonated Asp79**° (a total of 77 us) and five simulations
with ionized Asp79**° (a total of 34 us) were analyzed
(simulations H and I in Table S3 of the Supporting
Information). Two of the analyzed trajectories with each
protonation state reached an inactive state, as defined by Dror
et al."” Each trajectory was first analyzed individually, focusing
in particular on changes in the volume of the cavity surrounding
Asp79*%. In the simulations with ionized Asp79*, the cavity
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quickly grew to a size close to that observed in crystal structures
representative of the inactive state in all five simulations (Figure
S6 of the Supporting Information). After this initial fast
adjustment, the cavity size essentially remained at this larger
size in each of these simulations, even when other parts of the
receptor underwent substantial conformational changes. In all
simulations with protonated Asp79>*°, the cavity volume
typically remained smaller, close to that representative of the
active state (Figure S7 of the Supporting Information), and the
cavity size did not appear to depend on the conformational
state of the receptor as a whole. As shown in Figure S, the
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Figure S. Analysis of molecular dynamics simulations of the 4,AR with
ionized and protonated forms of Asp79**’. Average volumes of the
cavity surrounding Asp79**° from MD simulation trajectories and
crystal structures. Simulations were conducted with either protonated
(black bars) or ionized (gray bars) Asp79>*. Simulations were
initiated from both the active (3POG) and inactive state crystal
structures (2RH1). The volumes corresponding to the active and
inactive state crystal structures are shown as dashed and solid lines,
respectively (Table S2 of the Supporting Information).

average cavity volume was thus significantly larger for the
simulations with the ionized Asp79**° (319 A?) compared to
simulations with the protonated form (201 A%). Two snapshots
from the MD simulations that illustrate the difference in cavity
volume are shown in Figure 6. Overall, the simulations with
ionized Asp79>" were more consistent with the volumes
calculated for the inactive crystal structures, whereas those
calculated for trajectories with protonated Asp79*° were close
to that of the active state crystal structures.

The simulations initiated from the active structure of the
/AR (simulations H and I in Table S1 of the Supporting
Information) were analyzed in more detail to further investigate
the potential roles of Asp79>*° in activation. Asp>** has been
found to interact with a sodium ion in high-resolution crystal
structures of the A,,AR, PARI, and §-OR in the inactive state,
which explained the negative allosterlc effects on agonist
binding and activation for many GPCRs.** No sodium ion has
been observed in the Asp79**° cavity of the $,AR, and in
contrast to two of the aforementioned GPCRs, it has been
demonstrated experimentally that high-affinity agonist bmdm%
and basal activity are not affected by sodium chloride.®
However, ¢ 0ns1der1ng the strong sequence conservation in the
Asp*® cavity and the fact that a sodium ion was recently
observed in a crystal structure of the $,AR,>* sodium may also
bind to the same site in the $,AR. Analysis of the five MD
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Figure 6. Snapshots from molecular dynamics simulations with protonated and ionized Asp79*>*°. Snapshots from simulations of the $,AR with
ionized Asp79™*° (A) and protonated Asp79>*° (B), both from simulations initiated from the active conformation of the receptor (PDB entry
3P0G). The cavity is shown as a white surface. This figure was generated with PyMOL (version 1.4.1).

A

Asp79

Ser120

Ser319

Displaced water
molecules

Pro323
Inward shift

of TM helix 7

Figure 7. (A) Interactions between a sodium ion and Asp79**° in a simulation with ionized side chain carboxylate. The carbon atoms of the
simulation snapshot are colored cyan, and the sodium ion is depicted as a green sphere. For comparison, the crystal structure of the ;AR (yellow

carbons) with a bound sodium ion (purple sphere) is also shown.>* (B) The hydrogen bond between protonated Asp79>** and Ser31

9746 stabilizes

the inward shift of TM helix 7 relative to the inactive state. The carbon atoms of the simulation snapshot are colored cyan, while those of residue
Pro3237* from the inactive cystal structure (PDB entry 2RH1) are colored purple to illustrate the inward shift of TM helix 7. Water molecules from
the inactive state crystal structure that are displaced by the inward shift of TM helix 7 are depicted as transparent red spheres. Hydrogen bonds are
shown as black dashed lines. This figure was generated with PyMOL (version 1.4.1).

trajectories with ionized Asp79**° revealed that a sodium ion

entered the expanded (inactive-like) cavity in one trajectory
after ~5 ps and remained there throughout the remainder of
the simulation. The position of the sodium ion in the Asp*>°
cavity also agreed remarkably well with the structure of the
PAR (Figure 7A). The presence of a sodium ion in the cavity
of the ,ARs would of course only further reduce the pK, of
Asp79** in inactive conformations and increase the difference
in the level of protonation between active and inactive states. As
expected, no sodium ions were observed in the vicinity of
Asp79**° in the simulations with a neutral side chain
carboxylate, and the volume of the cavity was significantly
smaller compared to those of the corresponding simulations
with the ionized residue.

In simulations with a neutral side chain carboxylate, the
region surrounding the protonated Asp79>* adopted several
different conformations, including some distinct from those
observed in either active or inactive crystal structures.'*" In
particular, the intracellular end of TM helix 7 sometimes
adopted an undistorted a-helical conformation (as in inactive
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state crystal structures) while shifted inward (as in active state
crystal structures) in the vicinity of Asp79**° (Figure 7B). (This
conformation was also noted previously by Dror et al."” and
Nygaard et al,,'* who referred to it as the “alternative inactive
conformation” or as a conformation on the “alternative
deactivation pathway”.) This conformation of TM7 was
observed only in simulations with Asp79*° protonated" and
thus appeared to be stabilized by protonation of this residue.
Analysis of interactions in this region revealed that the observed
TM helix 7 conformation was stabilized by a hydrogen bond
between the carboxylate group and the backbone carbonyl
oxygen of Ser3197%, suggesting that the protonation state of
Asp79*% played a key role in maintaining this structure. The
formation of this hydrogen bond was strongly correlated with
movement of Pro323”*° into a cavity volume occupied by
several water molecules in the inactive state crystal structure of
the f,AR (Figure 7B). Interestingly, this inward shift of the
strongly conserved residue Pro3237*° and the hydrogen bond
interaction between Asp79**° and TM helix 7 have also been

dx.doi.org/10.1021/bi5008723 | Biochemistry 2014, 53, 7283—7296
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Figure 8. Analysis of the protonation state of Asp**°

in inactive- and active-like crystal structures of the Ay,AR: (A) inactive state (PDB entry 4IEY),

(B) active-like state (PDB entry 2YDV), (C) active-like state (PDB entry 2YDO), and (D) active-like state (PDB entry 3QAK). Polar contacts
within 3.2 A of the carboxylate oxygens are shown as black dashed lines. The heavy atom distance (A) is shown if the hydrogen bond is predicted to

involve a protonated Asp™*

carboxylate. This figure was generated with PyMOL (version 1.4.1).

observed in an active-like structure of the A,,AR, a point to
which we will return.

Analysis of Asp?®® in Other Inactive- and Active-like
Crystal Structures of Class A GPCRs. To further investigate
the protonation state of Asp>*® in other class A GPCRs,
structures of other receptors that had been crystallized in both
inactive- and active-like conformations were analyzed. Active-
and inactive-like structures were available for the A,,AR,
rhodopsin/opsin, and M,MR. As the M,MR and f,AR
structures were very similar, we focused on the interactions
of Asp™* for the A,,AR and rhodopsin/opsin.

For the antagonist-bound structures of the A, AR, a water-
filled cavity similar to that in the inactive state of the $,AR was
observed.”**%? In these structures, the side chain carboxylate
of Asp52>*° typically formed hydro(gen bonds with Ser28174¢
and up to four waters in the cavity.”® The inactive-like A, AR
structure at 1.8 A resolution revealed that a sodium ion was
present in the Asp52>° cavity, which explained the effects of
sodium on agonist binding.zg’30 As the A,,AR cavity is
stabilized in the inactive conformation by a bound sodium,
Asp52*%° must be ionized in this state to counterbalance the
positive charge on the ion (Figure 8A). As observed for the
PAR, the cavity size was significantly reduced in the three
available active-like structures of the A,,AR. Two of the active-
like structures were determined for a receptor that had been
thermostabilized via four mutations (PDB entries 2YDO and
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2YDV®), and the third one had been modified by replacing the
third intracellular loop with T4-lysozyme.® These alterations or
the conditions under which they were crystallized appeared to
have resulted in slightly different conformations for the cavity
surrounding Asp522'50. In the two thermostabilized structures,
the hydroxyl group side chains of Ser91** and Ser28174¢
formed hydrogen bonds to Asp52>*. In addition, the backbone
carbonyl of Asn2847*° was within hydrogen bonding distance
of Asp52**°. As carbonyl groups can act as only hydrogen bond
acceptors, this structure suggested that Asp52>°° was
protonated (Figure 8B,C). However, it should be noted that
one of the residues that has been mutated to stabilize the
receptor for crystallization is part of the cavity surrounding
Asp52*%° (L48A), which may affect the structure of the
receptor in this region. In the third active-like structure (PDB
entry 3QAK®), Pro285° moved into the cavity upon
activation, which positions the backbone carbonyl of
Ser2817*6 (2.6 A) within hydrogen bonding distance of the
AspS52*% carboxylate (Figure 8D). Interestingly, the resulting
conformation of TM helix 7 and potential interaction with the
backbone carbonyl of Ser2817* were similar to certain
snapshots from the MD simulation of the S,AR with
protonated Asp79**° (Figure 7B). Protonation of Asp52>*°
upon activation was also supported by calculations conducted
with PROPKA,*” which predicted pK, values of 7.5 (ranging
from 6.3 to 8) and 9.1 (ranging from 8.9 to 9.2) for the
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Figure 9. Analysis of the protonation state of Asp™*°

in inactive- and active-like crystal structures of rhodopsin/opsin: (A) inactive-like (PDB entry

IF88) and (B) active-like (PDB entry 3DQB). It should be noted that the side chain orientation of Asn5S has been rotated 180° to optimize the
hydrogen bond network. Polar contacts within 3.2 A of the carboxylate oxygens are shown as black dashed lines. The heavy atom distance (A) is

shown if the hydrogen bond is predicted to involve a protonated Asp

2.50

carboxylate. This figure was generated with PyMOL (version 1.4.1).

inactive- and active-like structures of the A, AR, respectively
(Table S3 of the Supporting Information). In this case, the
difference in pK, between the two states appeared to originate
from a direct interaction, e.g, with the backbone carbonyl of
Asn2847%. In summary, the analysis of A,,AR structures
suggested both a reduction in the size of the cavity surrounding
AspS52**° and a shift in protonation upon activation.

In the case of rhodopsin/opsin, the large hydrated cavity
observed in the inactive conformation was also collapsed in the
active-like opsin structure (Figure 9A,B). In our analysis of
three active-like rhodopsin/opsin structures (PDB entries
3DQB,” 3PQR, and 3PXO), we determined that the side
chain orientation of AsnS5S5'*° must be flipped 180° to satisfy a
hydrogen bond interaction with the backbone carbonyl of
Ala2997#, which can act as only a hydrogen bond acceptor.
This was supported by visual inspection of the hydrogen
bonding network as well as the structure validation tool
Molprobity.** The resulting hydrogen bond network suggested
that the side chain carboxylate of Asp83**° was protonated in
both states. The side chain carbonyl of Asn35"*° interacted
with Asp83*® in both the inactive and active rhodopsin
structures (PDB entries 1F88 and 3DQB, respectively),62
which supported protonated active and inactive states of this
receptor. The two serine residues in the cavity that are
conserved for both the A,,AR and f5,AR are alanines in the case
of rhodopsin (Ala124*% and Ala2997%, respectively), which
could also be expected to further increase the pK, due to the
loss of hydrogen bonding. As expected, the loss of these direct
interactions led to elevated PROPKA pK, values, which were
equal to 9.2 for both the inactive and active-like structures
(Table S3 of the Supporting Information).

B DISCUSSION

The goal of this study was to understand the pH dependence of
B>AR activation®” and to investigate if further understanding of
the molecular origins of this effect could provide new insights
into GPCR signaling. Access to both active and inactive
conformations of the f,AR allowed us to use MD simulations
to explore the roles of Asp79** protonation in receptor
activation at the atomic level, which are difficult to investigate
from static crystal structures.
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The burial of ionizable Asp79™*° in the transmembrane
region and the structural changes observed in its immediate
neighborhood upon activation point to a potential role for this
residue in GPCR function. On the basis of the high degree of
sequence conservation for Asp>*® among class A GPCRs, this
residue has received considerable attention in previous studies
of receptor function.**™* In early work, Strader et al. suggested
that Asp79>*° was either directly involved in agonist binding or
responsible for maintaining the active conformation.*’ More
recently, Vanni et al. proposed that the ionized Asp79*>
favored activation based on up to 800 ns simulations of
inactive state crystal structures.”” However, these results could
not explain the observed pH dependence of $,AR activation. In
our work, we took advantage of access to both active and
inactive state crystal structures, which allowed us to probe the
protonation state of Asp79**” in both relevant conformations of
the f,AR. In contrast to the results of Vanni et al, our free
energy simulations instead suggested that the protonated state
of Asp79>*° was favored in the active conformation, a result
that could explain the experimental observation that basal
activity for the f,AR is higher at pH 6.5 than at 8.0. Our MD
simulations demonstrated that an ionized Asp79*°° is
compatible with only an inactive-like conformation of the
cavity surrounding this residue. This is further supported by the
fact that a sodium ion has recently been identified in the
vicinity of Asp>*® in several (inactive state) crystal structures of
GPCRs® and, in addition, was observed in the same cavity in
our analyzed simulation trajectories. The MD free energy
calculations suggested that the shift in protonation state upon
activation was primarily due to a loss of solvent interactions. In
previous analyses of GPCR crystal structures, it has been
suggested that conserved clusters of water molecules in the
vicinity of Asp79>* were important for receptor activation by
bridging interactions between conserved residues.’***** Our
simulations indicate that an additional role of these water
clusters may be to regulate activation by modulating the
ionization state of Asp79**° and, possibly, by influencing the
presence of sodium ions in the transmembrane cavity.

Long time scale simulations by Dror et al. allowed us to
analyze the role of Asp79**° in GPCR activation based on
multiple MD trajectories initiated from an active state crystal
structure of the f,AR. Although simulations of ionized and
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protonated trajectories of Asp79>*° were both found to reach

inactive-like conformations, there were significant differences
between these two simulation sets.'” Our observations provide
new interpretations of results from NMR experiments in which
B3C-labeled methionine residues of the ,AR were monitored
under different conditions.">'* Interestingly, several NMR
peaks, indicating a number of different receptor conformations
around Met82%>3, were observed for the apo, antagonist-bound,
and inverse agonist-bound states of the 5,AR. As Met82* is
part of the cavity surrounding Asp792‘50, we propose that these
may reflect receptor conformations corresponding to the
protonated and ionized forms of Asp79*%. This is consistent
with a predicted pK, of Asp79**° close to physiological pH and
the fact that microsecond MD simulations resulted in different
volumes of the transmembrane cavity depending on the
protonation state of this residue. This suggests an equilibrium,
in which the cavity surrounding Asp79**° could shrink and
grow depending on the protonation state and result in distinct
chemical environments around Met82>%. In the active and
agonist-bound state of the $,AR, the number of NMR peaks for
Met82*** was reduced to one, which suggested similar receptor
conformations in this region under these two conditions.'* This
was surprising because crystal structures of the agonist-bound
B,AR in the absence of G-protein or nanobody have been very
similar to inactive state conformations.*> The difference
between these results suggests that the relative population of
different conformational states may be sensitive to the
experimental conditions. We propose that the single peak
observed in the NMR experiments for agonist-bound and active
states may represent conditions in which Asp79>%° is
protonated, which in our simulations correlated with a
consistently smaller (more active-like) cavity volume. Together,
these results could point to a potential role of Asp79>° as a
“protonation switch” that may be part of the complex network
that connects the orthosteric site to intracellular G-protein
coupling. This hypothesis is supported by the pH dependence
of B,AR activation. However, more experimental work is
necessary to elucidate if agonist binding alone can influence the
protonation state of Asp79>>° as there is currently no direct
evidence of such a mechanism. Indeed, it is also possible that
Asp79*> protonation is a consequence of the conformational
changes involved in activation, rather than part of the
mechanism that transmits the signal across the membrane. In
this context, it should also be noted that the conformations
observed in our MD simulations and the transitions between
them may be influenced by limitations associated with force
field accuracy, lipid composition, system size, and simulation
length.

The importance of Asp79** for GPCR activation is also
supported by mutagenesis studies. Interestingly, Asp79*°°Ala
and Asp79**°Asn mutants bind antagonists with affinities
similar to those of wild-type $,AR, whereas the affinity for
agonists is significantly reduced. The substitution of an
ionizable Asp79 with Asn or Ala is also accompanied by a
loss of G-protein signaling,*"** which could be interpreted as a
neutral side chain favoring the inactive state. However, the
equivalent Asp**°Ala mutation results in constitutive activity for
the closely related f,AR, suggesting that interpretation of
mutagenesis in this region is complex.** The common
assumption that asparagine is a good mimic of a protonated
aspartic acid is also questionable. The polarities of side chain
analogues of Asn and (protonated) Asp are quite different, as
reflected by the 3 kcal/mol difference in hydration free energy
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for (neutral) acetic acid and acetamide.®” What these
observations do support is that Asp79™*° is critical for
maintaining the balance between the active and inactive
states.*' The cavity surrounding Asp79™*° is composed of
many highly conserved residues, which points to a regulatory
role in activation. Basal activity has been shown to increase if
Ser3197#¢, which can form hydrogen bonds to Asp79**, is
mutated to alanine.*® Interestingly, sequence alignment of class
A GPCRs has shown that the Ser31974¢ position is typically
occupied by small hydrophilic and hydrophobic residues such
as Ser (63%), Cys (12%), Ala (7%), and Thr (6%).*° Such
differences may affect the pK, of Asp79>*°, which in turn could
influence sodium- and receptor-dependent signaling properties
such as basal activity. This analysis led us to the question of
whether the proposed role of Asp** as a “protonation switch”
can be transferred to other class A GPCRs. The structural
conservation of the cavity surrounding Asp>*® in all crystal
structures of class A receptors further strengthens the
hypothesis that this region is important for receptor function.
Our analysis of A;,AR crystal structures of active- and inactive-
like conformations, which share a high degree of sequence
similarity with the $,AR in this region, supported the idea that
Asp™* similarly undergoes a change in protonation state upon
activation of this receptor. In addition, the conformation of TM
helix 7 observed in certain simulations of the $,AR conducted
with the protonated Asp79>*° is strikingly similar to that
observed in a crystal structure of the agonist-bound A, AR.
This alternative TM7 conformation may thus be relevant for
several GPCRs. On the other hand, crystal structures of
rhodopsin/opsin structures instead suggested that Asp™* is
protonated in both states, which is in agreement with
experimental data.*” Taken together, these observations suggest
that the role of Asp*>* as a “protonation switch” likely can be
transferred to other, but not all, class A GPCRs.

In summary, the main result of this work is that the pH-
dependent behavior of the ,AR is primarily due to the buried
and highly conserved Asp79>*°. We propose that this residue
has an elevated pK, close to physiological pH and that a shift in
protonation state for this residue may have a role as one of the
microswitches for f,AR activation. An improved molecular-
level understanding of how the ionization state of the conserved
Asp** influences the conformational equilibrium of the ,AR
will be important for understanding the complex process of
GPCR activation.
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