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The mechanism of signal transduction in G-protein-coupled receptors
(GPCRs) is a crucial step in cell signaling. However, the molecular details
of this process are still largely undetermined. Carrying out submicrosecond
molecular dynamics simulations of p-adrenergic receptors, we found that
cooperation between a number of highly conserved residues is crucial to alter
the equilibrium between the active state and the inactive state of diffusible
ligand GPCRs. In particular, “ionic-lock” formation in P-adrenergic
receptors is directly correlated with the protonation state of a highly
conserved aspartic acid residue [Asp(2.50)] even though the two sites are
located more than 20 A away from each other. Internal polar residues, acting
as local microswitches, cooperate to propagate the signal from Asp(2.50) to
the G-protein interaction site at the helix IlI-helix VI interface. Evolutionarily
conserved differences between opsin and non-opsin GPCRs in the
surrounding of Asp(2.50) influence the acidity of this residue and can thus
help in rationalizing the differences in constitutive activity of class A GPCRs.

© 2010 Elsevier Ltd. All rights reserved.
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Introduction

G-protein-coupled receptors (GPCRs) are a large
family of integral membrane proteins involved in
many pathways responsible for signal transduction
into the cell, and they nowadays constitute the
largest class of drug targets." Despite intense
research efforts during the last decades that have
led to wide characterization of GPCRs in terms of
function and ligand-binding properties, structure
determination has been qulte elusive, and only
recently were Cherezov et al.” and Warne et al.” able
to resolve the crystal structures of two of the most
studied GPCRs able to bind diffusible ligands:
Bo-adrenergic receptor (3,AR) and 3;AR.

The common framework to describe receptor
activation supports the coexistence of several
conformational intermediates and the occurrence
of biased agonism, suggesting equilibrium between
active and inactive states.* While it is widely

*Corresponding author. E-mail address:
ursula.roethlisberger@epfl.ch.

Abbreviations used: GPCR, G-protein-coupled receptor;
B1/2AR, B1,2-adrenergic receptor; MD, molecular
dynamics.

acknowledged that GPCR function relies on the
ability to adopt multiple conformations to activate/
inhibit the signaling cascade, the lack of extensive
structural data implies that the atomistic details of
the multistep process leading to GPCR activation
are still unclear.

Several experiments identified some conserved
regions in GPCRs that upon mutations could lead to
a shift in this equilibrium.”'® Among them, disrup-
tion of the salt bridge (“ionic lock”) between Arg
(3.50) of the (D/E)RY motif of helix III and a
partially conserved Glu(6.30) of helix VI seems to be
a crucial feature of the early steps of receptor
activation.””® This conformational fingerprint is
present 1n all the crystal structures of inactive
rhodopsin,"” ™" and, despite being absent in the
crystal structures of engineered {3-adrenergic recep-
tors, it has independently been observed in different
microsecond molecular dynamics (MD) simulations
of reconstructed wild- type adrenerglc receptors
bound to inverse agonists.”’>*! The recently solved
crystal structure of hgand -free opsin in its “active-
like” conformation® has provided a high-resolution
description of an activated receptor. In agreement
with site-directed spin-labeling experiments®® and
double electron—electron resonance spectroscopy,**
outward movement of the intracellular part of helix
VI (that tilts outward by 6-7 A with respect to the

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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Fig. 1. Localization of the bound ligand (shown in gray in space-filling representation) and of crucial titrable residues
Asp(2.50), Glu(3.49), Arg(3.50) and Glu(6.30) in the crystal structures of 5; AR (backbone represented in blue) and p,AR
(backbone represented in red). Crystallographic water molecules within 5 A of Asp(2.50) are shown in red for 3,AR and in

blue for 3;AR.

structure of dark-state rhodopsin) is required for
activation. This movement is associated with a
conformational change of Arg(3.50) of the ionic
lock that adopts an extended conformation pointing
toward the protein core that enables direct interac-
tion with the G-protein fragment.

Even though biochemical experiments suggest
that the global structural features of active and
inactive states of GPCRs are very similar across the
entire family,25 almost all GPCRs, apart from the
opsin family that binds ligands covalently, are able
to reversibly bind a large number of diffusible
ligands. Interestingly, diffusible ligand GPCRs show
a considerable amount of basal, agonist-indepen-
dent activity, while rhodopsin has almost no
detectable basal activity in the absence of light,
suitable for its biological function as a highly
sensitive pigment.”® The ability of the receptor to
activate a given signaling pathway is substantially
altered upon ligand binding, and recent findings
based on fluorescence resonance energy transfer
experiments suggest that different ligands can
trigger independent functional states, thus stabiliz-
ing the cytoplasmic moiety of the receptor in a given
signaling conformation.?”~2

At the same time, while the global mechanism of
receptor activation is quite established, the way the

receptors perform signal transduction upon ligand
recognition from the binding pocket into the
cytoplasmic moiety is not yet understood. Muta-
tional studies have indicated that some residues are
essential for receptor function, and it has also been
proposed that the presence of a number of con-
served water molecules in the hydrophobic inter-
helical core of GPCRs could play a significant
role.'>1%163931 Interestingly, there is only one
titrable residue in the highly hydrophobic core of
adrenergic receptors (Fig. 1), as well as in rhodop-
sinf, the widely conserved Asp(2.50). Mutational
studies on a large number of GPCRs have indicated
that mutation of this residue leads to reduced or
abolished ability of the receptor to activate its
partner G-protein'>133233 and to altered constitu-
tive activity”® in diffusible ligand GPCRs or to a
forward shift in the Metal-Metall equilibrium in
rhodopsin.®® In the case of rthodopsin, spectroscopic
experiments have determined that this residue is
protonated in both the dark state and in the activated

tResidue Glu(3.41) in adrenergic receptors and resi-
dues Glu(3.37) and His(5.46) in rhodopsin are located
within the transmembrane region but are pointing
toward the lipid environment, not toward the interhelical
core of the receptors.
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(Metall) form and that 1t Changes hydrogen-bond
partners upon activation.***” On the other hand, Asp
(2.50) has been identified as an ion-responsive motif
for a large number of diffusible ligand class A
GPCRs, including adrenergic receptors, and several
experiments support cationic regulation of signal
transduction in such GPCRs,**?* suggesting that Asp
(2.50) can bear a negative charge in these systems.

To understand the possible role of Asp(2.50) in
GPCR signal transduction, we performed microsec-
ond MD simulations of ;AR and of 3,AR for both
possible protonation states of Asp(2.50). Anticipating
our results, we found a strong correlation between
the protonation state of Asp(2.50) and formation or
breaking of the ionic lock, thus indicating that the
protonation state of this residue has a direct role in
the activation/inhibition of adrenergic receptors.
Moreover, we identified a number of conserved
internal polar residues that act as local microswitches
and cooperate to propagate the signal directly from
Asp(2.50) to the G-protein interaction site at the helix
II-helix VI interface.

Results

Asp(2.50) acidity

The aspartic acid Asp(2.50) is the only titrable group
inside the heptahelical core of adrenergic receptors
(Fig. 1). Both its special location and degree of
conservation, as well as a large number of biochemical
experiments, suggest that this residue is involved in
signal transduction. Identification of its protonation
state is therefore crucial. Fourier transform infrared
experiments have determined that Asp(2.50) is
protonated in both the dark state and in the activated
(Metall) state of rhodopsin, 3637 while it has been
identified as a cation-responsive motif for a number of
class A GPCRs, including adrenergic receptors, thus
suggesting that the re51due can be negatively charged
under in vivo conditions.”

Despite the fact that the available X-ray data of
GPCRs describe the receptors in potentially different
signaling states, it is interesting to notice that the
immediate surroundings of Asp(2.50) as observed in
the crystal structures can vary significantly: Asp(2.50)
is surroundedf by five water molecules in the crystal
structure of P,AR-T4AL? and by only one water
molecule (Fig. 1) in the crystal structure of p;AR-
m23,” while a maximum of two water molecules in
the proximity of Asp(2.50) have been identified in
different crystal structures of inactive rhodopsin.'” "

Electrostatic calculations and empirical pK, esti-
mates based on the crystal structures (cf., Table 1)
indicate that Asp(2.50) has a pK, in adrenergic
receptors§ lower than that in inactive rhodopsin.

1 Defined as within 5 A from any atom of Asp(2.50).

§ In addition, due to the more hydrophobic surround-
ings, the pK, of Asp(2.50) in p;AR-m23 is slightly lower
than that in B,AR-T4L.

Table 1. Computed pK, values of Asp(2.50) in the crystal
structure of inactive rhodopsin and p-adrenergic receptors

Poisson-Boltzmann

GPCR PDBID e=4 ¢=10 =20 PROPKA®
Inactive thodopsin ~ 1U19'"® 209 9.6 6.7 7.6
PoAR-TAL 2RH1*> 95 55 43 6.9
p1AR-mM23 VT4 99 62 50 6.2

Comparison between the crystal structures (Fig. 2)
suggests that this difference originates from polar
substitutions surrounding Asp(2.50) that are present
in adrenergic receptors but absent in rhodopsin. In
particular, Ala(3.39) — Ser(3.39) [with the side-chain
hydrogen of Ser(3.39) pointing toward Asp(2.50)]
and Ser(7.45)Ala(7.46) — Asn(7.45)Ser(7.46) (Fig. 2)
are likely to favor a negative charge on Asp(2.50).

N7.45 A7.46

S7.46

A3.39

(7.45-46)

OPSD_BOVIN
OPSU_BRARE
OPSG_HUMAN
OPSB_HUMAN
OPSB_ASTFA
OPSG_ORYLA

B1AR_HUMAN
B2AR_HUMAN
B3AR_HUMAN
ACM1_HUMAN
ACMZ2_HUMAN
A1AA_HUMAN
A2AA_HUMAN
DADR_HUMAN
HH1R_HUMAN
5H1B_HUMAN
SH1A_HUMAN

Fig. 2. Comparison of Asp(2.50) surroundings in
rhodopsin and adrenergic receptors. The upper panel
shows the structural alignment of positions 2.50, 3.39, 7.45
and 7.46 in the crystal structures of rhodopsin (black,
licorice representation) and P,AR (red, ball-and-stick
representation). The blue arrows indicate dipole moments
that constitute the polar environment that can stabilize
Asp(2.50) in the deprotonated form. The lower panel
shows the sequence alignment of positions 2.50, 3.39, 7.45
and 7.46 between class A GPCRs (illustrative; cf., Ref. 39).
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Table 2. RMSD average values of crystallographic C*, transmembrane helix backbone, binding pocket, Asp(2.50)
surroundings, extracellular helix backbone and intracellular helix backbone

. Transmembrane  Binding Asp(2.50) Extracellular Intracellular helix
RMSD (A) Crystallographic C* helix backbone pocket® surroundings helix backbone backbone
BoAR-wt-deprot 1.2 0.9 1.0 0.9 1.0 1.1
BAR-wt-prot 1.5 1.2 0.9 1.0 1.1 1.3
B1AR-wt-deprot 1.9 1.6 0.9 14 1.2 2.1
B1AR-wt-prot 15 1.1 0.9 1.0 1.0 12
B1AR-m23-deprot 1.3 1.0 0.8 1.0 1.0 1.2
B1AR-m23-prot 1.8 14 0.9 1.0 1.1 1.9

2 Defined as residues within 5 A from any atom of the ligand in the crystal structures.
Defined as residues within 5 A from any atom of Asp(2.50) in the crystal structures.

Conservation analysis between class A GPCRs
(based on the sequence alignment proposed by Man
et al.*’) shows that this hydrophobic-to-polar shift is
not a peculiar property of opsins with respect to
adrenergic receptors but is a general characteristic of
opsin versus non-opsin GPCRs. In particular, if we
exclude odorant receptorsll, it is remarkable that Asp
(2.50) is perfectly conserved in non-opsin class A
GPCRs, while this is not the case for the opsin
family. Moreover, the strict conservation of a serine
at position 3.39 of non-opsin receptors suggests that
this residue is essential for the correct function of
these receptors, while in opsins a serine is present at
position 3.39 only when there is no aspartate at
position 2.50. At the same time, the polar pair Asn—
Ser at positions 7.45-7.46 is highly conserved in non-
opsin class A GPCRs, while it is not in the opsin
family. These differences between opsin and non-
opsin receptors suggest that a negative charge is
favored inside the heptahelical core of adrenergic
receptors with respect to rhodopsin as a conse-
quence of conserved substitutions in the surround-
ings that introduce charge-stabilizing dipoles.

Taken together, electrostatic calculations and
conservation analysis suggest an intrinsic differ-
ence between opsin and non-opsin class A GPCRs
that relates to a possibly different role of Asp(2.50)
in the two families. It must be noted that opsins
are peculiar among class A GPCRs both because
they are the only family that binds their agonist
covalently and because of the lack of constitutive
activity.

lonic-lock configuration is correlated with
protonation state of Asp(2.50)

To study the possible effects of the protonation
state of Asp(2.50) on receptor function, we per-
formed MD simulations between 500 and 800 ns of
B1AR-m23, of wild-type p;AR bound to the antag-
onist cyanopindolol [Protein Data Bank (PDB) entry
2VT4] and of wild-type p,AR bound to the inverse
agonist carazolol (PDB entry 2RH1) for both possible
protonation states of Asp(2.50) (cf., Materials and
Methods).

After equilibration of the systems in both proton-
ation states, we observed only very low deviations
from the crystal structures in all simulations (aver-
age backbone helix RMSD of all simulations, 1.2 A),
especially also for the binding pocket (average
RMSD, 0.9 A) and the surroundings of Asp(2.50)
(average RMSD, 1.1 A), suggesting that proton-
ation/deprotonation does not induce significant
local structural rearrangements (cf., Table 2). These
results reinforce the possibility that the crystal
structures are easily compatible with both proton-
ation states.

However, despite the limited overall conforma-
tional changes, it is remarkable that significant
deviations occur in the cytoplasmic end of the
receptor (cf., Table 2), a site that is able to adopt
different conformations to interact with the partner

G-protein and trigger the signaling cascade.”® In
particular, main differences exist for the region of
the ionic lock as demonstrated by the values of the
C*-C* distance and of the shortest N-O distance
between Arg(3.50) and Glu(6.30) (Fig. 3), the two
residues located at the cytoplasmatic ends of helices
II and VI that are expected to form a salt bridge
(ionic lock) in the inactive form of the receptors. In
particular, taking as a reference value the C*-C*
distance between these two residuesy, it is remark-
able that in all systems, protonation of Asp(2.50)
leads to stabilization of the receptors in an inactive-
like conformation where the ionic lock between
helices III and VI is formed and the average C*-C*
distance along the simulations is comparable with
the X-ray structures of inactive rhodopsin (Fig. 3).

On the other hand, simulations of adrenergic
receptors with Asp(2.50) deprotonated consistently
show no formation of the ionic lock between helices
I and VI (Fig. 3), except for very short time
windows. In particular, the equilibrium geometry
of the C*-C* distance between Arg(3.50) and Glu
(6.30) is above the corresponding distance of
inactive rhodopsin crystal structures for most of
the simulation time. Interestingly, even if the salt
bridge between Arg(3.50) and Glu(6.30) is occasion-
ally formed, this interaction is unstable in all

Il In several odorant receptors, Asp(2.50) is replaced by
a glutamate, while the polar environment resembles that
of adrenergic receptors.

9§ The C*-C* distance between Arg(3.50) and Glu(6.30)
is 8.7 A in inactive rhodopsm (PDB entry 1F88), while it is
14.7 A in active opsin (PDB entry 3CAP).
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simulations and separation between the two resi-
dues is achieved within tens of nanoseconds. On the
other hand, the critical'' intrahelical salt bridge
between Arg(3.50) and Asp(3.49) remains intact in
all simulations, with the exception of wild-type
B1AR with a deprotonated Asp(2.50), where its
disruption takes place while both Arg(3.50) and
helix VI adopt a position similar to the one in the
crystal structure of active opsin (Fig. 4).

To further explore whether the correlation
between the protonation state of Asp(2.50) and
ionic-lock conformation could be influenced by the
ligand bound to the receptor (since both co-
crystallized ligands show inverse agonist/antago-
nist activity), we performed additional simulations
of unligated and agonist-bound P,AR in both
possible protonation states of Asp(2.50). All simu-
lations yielded fully consistent results [i.e., ionic-
lock formation is only induced when Asp(2.50) is
protonated] (Fig. 3b).

According to a large number of biochemical
studies suggesting that breaking of the salt bridge
between Arg(3.50) and Glu(6.30) is an early key
event in GPCR activation,””® the equilibrium
conformations we identified when Asp(2.50) is
protonated are reminiscent of the inactive form of
the receptors, while the conformation when Asp
(2.50) is deprotonated retains typical structural
characteristics of the active form.

Signal transduction from Asp(2.50) to the
cytoplasmatic side

The molecular details of GPCR signal transduction
and the associated local conformational changes are
still largely unclear. Several crucial residues have
been identified on the basis of conservation analyses
or mutagenesis experiments, and different activation
mechanisms have been proposed.””/10/15/16:232440-42
However, due to the limited amount of structural
data for diffusible ligand class A GPCRs, the precise
role of these residues and the conformational
transitions occurring inside the hydrophobic core
of the receptor during the early steps of the activation
process are yet to be determined. A comparison
between the two conformations that we have iden-
tified permits to understand how a change in the
protonation state of Asp(2.50) affects the equilibrium
conformation of the cytoplasmatic end of the
receptor and what local transitions are required to
favor such an equilibrium shift.

Comparison between the computed contact maps
of the simulations of the different protonation states

Pl
&

Fig. 4. Superposition of helices III and VI of crystal
structures of dark rhodopsin (gray) and active opsin
(yellow) and of equilibrated MD snapshots of cyanopin-
dolol-bound wild-type 3;AR with a protonated Asp(2.50)
(blue) and a deprotonated Asp(2.50) (red).

(cf., Table S1) suggests that the polar residues
connecting Asp(2.50) to the ionic-lock region (cf.,
Fig. 5) play a prominent role in signal transduction.
Statistical analysis on the last 200 ns of simulations
of wild-type receptors with their co-crystallized
ligands indicates that while protonation of Asp
(2.50) keeps a series of microswitches in a stable
conformation, deprotonation of Asp(2.50) induces
an increased instability that ultimately leads to ionic-
lock opening via alteration of the electrostatic
potential in the internal cavity of the receptor (Fig. 5).

This extended polar network reaches from Asp
(2.50) to the ionic-lock via the highly conserved
NPxxY motif and the polar pair Asn(2.40)Thr(2.39)
that is located at the cytoplasmatic end of helix II,
where the NPxxY motif acts as a hinge for the Asn
(2.40)Thr(2.39) pair that undergoes a seesaw-like
movement that ultimately leads to ionic-lock for-
mation/breaking. In the inactive conformation, Asn

Fig. 3. (a) Time evolution of the C*~C® (red) distance and of the shortest N-O (blue) distance between Arg(3.50) and
Glu(6.30) with Asp(2.50) deprotonated (upper panel) or protonated (lower panel). Averages are shown in corresponding
continuous lines. The shadowed gray bar represents the corresponding C*~C* distance of crystal structures of dark-state
rhodopsin; the green bar, set at 3.0 A, indicates the distance corresponding to the formation of the ionic-lock salt bridge.
(b) Time evolution of the C*~C* (red) distance and of the shortest N-O (blue) distance between Arg(3.50) and Glu(6.30)
with Asp(2.50) deprotonated (upper panel) or protonated (lower panel) in p,AR in its apo form (apo) or bound to the
potent agonist isoprenaline (ISO). Averages are shown in corresponding continuous lines. The shadowed gray bar
represents the corresponding C*-C* distance of crystal structures of dark-state rhodopsin; the green bar, set at 3.0 A,
indicates the distance corresponding to the formation of the ionic-lock salt bridge.



“lonic-Lock” Formation in B-Adrenergic Receptors

1345

N7.49 D2.50 N7.49 D2.50
&
Y7.53 %’D Y7.53
R3.50
E6.30 R3.50 N2.40 N2.40
) E6.30
% T2.39 i!) T2.39
Asp2.50 B:;AR-wt B,AR-wt = Average Asp2.50 B:AR-wt B,AR-wt = Average
protonated value  deprotonated value
D2.50-N7.49 1% 1% 1% D2.50-N7.49 68% 99% 84%
Y7.53-N2.40 58% 70% 70% Y7.53-N2.40 1% 63% 32%
N2.40 98% 97% 97% N2.40 37% 0% 19%
“ijonic lock” 99% 100% 100% “jonic lock” 6% 1% 4%

Fig.5. Conformational transitions of internal microswitches connecting Asp(2.50) with the ionic lock. The upper panel
shows snapshots of the interaction patterns of Asp(2.50), Asn(7.49), Tyr(7.53), Asn(2.40), Thr(2.39) and the ionic lock in
simulations with Asp(2.50) protonated (left) and with Asp(2.50) deprotonated (right). The lower panel shows residence
time, over the last 200 ns of each simulation, of the crucial interactions connecting Asp(2.50) to the ionic lock. D2.50-N7.49,
N7.53-N2.40 and ionic lock (R3.50-E6.30) indicate the residence time of the contact between the two residues (with a
cutoff of 2.2 A), while N2.40 indicates the residence time of the x; angle of Asn(2.40) in the trans conformation.

(7.49) of the NPxxY motif does not directly hydro-
gen-bond Asp(2.50), pointing toward the receptor
core for 99% of the simulation time, while Tyr(7.53)
of the NPxxY is strongly coupled to Asn(2.40), thus
keeping helices II and VII close to each other (Fig. 5).
This in turn keeps the x; angle of Asn(2.40)
permanently in the trans conformation, orienting
the dipole arising from the side chain of the
asparagine far away from the helix III-helix VI
interface. As a consequence, also Thr(2.39) moves far
apart from Arg(3.50), allowing Glu(6.30) to approach
Arg(3.50) and to form the ionic-lock during the last
200 ns (Fig. 5). On the other hand, when Asp(2.50) is
deprotonated, Asn(7.49) screens the negative charge
via a hydrogen-bond interaction between its side
chain and Asp(2.50). This in turn leads to a far greater
instability of the helix II-helix VII interface, with Tyr
(7.53) hydrogen-bonding Asn(2.40) only during very
short time intervals, accounting for 32% of the
simulation time. As a consequence, the x; angle of
Asn(2.40) tends to adopt the gauche(-) conformation,
a configuration identical with the one present in the
two available crystal structures of adrenergic recep-
tors. In such a conformation, Thr(2.39) moves closer
to Arg(3.50), forcing Glu(6.30) away from the
arginine of the conserved DRY motif preventing
ionic-lock formation (Fig. 5).

Discussion

The availability of GPCR crystal structures enables
simulations of receptor structure and dynamics at
the molecular level, paving the way for a deeper
understanding of the activation mechanism upon
ligand binding. Using MD simulations, we were able
to elucidate the possible role of Asp(2.50) during
receptor activation and allosteric regulation, identi-
fying a direct correlation between the protonation
state of this evolutionarily conserved residue and the
ionic-lock conformation.

In the current paradigm of GPCR functioning, this
interaction is formed in the inactive conformation of
the receptors, while breakage of this interhelical salt
bridge is associated to an outward movement of
helix VI that enables recognition of the cognate
G-protein via reorganization of the cytoplasmic side
involving residues Asp(3.49), Arg(3.50), Tyr(5.58),
Glu(6.30) and Tyr(7.53). Even if the current capabil-
ities of MD simulations cannot deal with the
timescales of the full activation cycle of GPCRs
and despite the fact that many pathways might
concur to activate the signaling cascade, we have
been able to identify the effects of the protonation
state of the highly conserved Asp(2.50) from the
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local environment up to the cytoplasmic end that is
involved in G-protein recognition.

In particular, in all simulations, protonation of Asp
(2.50) leads to stable ionic-lock formation, indicating
strong coupling between this conserved residue and
the cytoplasmatic helix III-helix VI interface. Our
findings are in agreement with several experiments
showing that sodium acts as an_allosteric inverse
agonist via binding to Asp(2.50),%**** and they
suggest a possible rationale for the altered constitu-
tive and agonist-induced activity shown by site-
directed substitution of D2.50 in adrenergic receptors
and in other non-opsin class A GPCRs.12-14.32,33,43

The simulations also show that receptor inhibition
upon charge neutralization in helix II is achieved
via complex coupling between Asp(2.50) and the
cytoplasmatic conformation of helices III and VI,
leading to ionic-lock formation and to conforma-
tional changes in the most acknowledged interac-
tion site between the receptor and its G-protein
partner.

On the other hand, it is known that increasing the
pH in the range between 6.5 and 8.0 leads to an
increase of both agonist affinities and GTPase-
mediated receptor saturatlon activity, while consti-
tutive activity decreases.** This observation is not
necessarily in contrast to our findings since this
effect could originate from the involvement of other
titrable residues in the activation mechanism, in
particular Glu(3.49), which has been identified as the
proton uptake site in the transition from Metal to
Metall in rhodopsin. However, in the conceptual
framework of GPCR activation, our simulations are
consistent with the fact that acidification leads to
reduced agonist-induced saturation activity, since a
lowering of pH favors protonation of Asp(2.50),
which in turn leads to ionic-lock formation®.

Despite possible limitations occurring from the
fact that the simulations have been performed on
monomeric forms of the receptors and without the
presence of the partner G-protein, our results
suggest that while the global structural rearrange-
ments of the transmembrane helices upon activation
are similar in rhodopsin and adrenergic receptors,
signal transduction upon ligand binding from the
binding pocket to the cytoplasmic moiety seems to
occur in a different way. While Asp(2.50) is only
partially involved in rhodopsin activation, changing
hydrogen-bond partners but keeping its neutral

®Dror et al., in their recent computational study,20
reported microsecond MD simulations describing ionic-
lock formation in multiple simulations for both Asp(2.50)
protonation states. We identified the origin of this
discrepancy in the different treatments of the electrostatic
and van der Waals interactions. In fact, using the real
space cutoff that Dror et al. used (which is below the
usually recommended value*’) within our setup (our
force field, lipids and initial configuration), we can
reproduce Dror ef al’s results, which show ionic-lock
formation with a deprotonated Asp(2.50), while tests
performed using a real space cutoff of 15 A suggest that
our simulations are converged with respect to the cutoff.

protonation state,®” our findings show that in
adrenergic receptors the protonation state of Asp
(2.50) directly shifts the conformational equilibrium
of the ionic-lock, suggesting that this conserved
residue is probably charged in the active form of
non-opsin class A GPCRs and that it can eventually
undergo protonation change upon inhibition. Given
its localization in the protein matrix, the simulations
with a deprotonated Asp(2.50) suggest that internal
water molecules directly connecting Asp(2.50) to the
cytosol could mediate a possible protonation path-
way or sodium ion access from the extracellular
medium to the vicinity of the charged aspartic acid.

This difference between opsin and non-opsin class
A GPCRs is a consequence of highly conserved
amino acid substitutions around Asp(2.50) and of
the different interactions arising in the binding
pocket between the bound ligand and the receptor.
Within this picture, electrostatic interactions and
conformational changes occurring upon ligand
binding in non-opsin GPCRs could alter the electro-
static potential and the pK, of Asp(2.50), thus
favoring one of the protonation states and, in turn,
the active or the inactive form. Our findings help in
elucidating the mechanism of signal transduction
from Asp(2.50) to the G-protein interaction site,
showing that a number of highly conserved residues
cooperate to stabilize the receptor in its active/
inactive conformatlon In agreement with mutation-
al studies'’ and with the available crystallographic
structures, we observed that the interaction between
helices II and VII, via Asp(2.50) and the highly
conserved NPxxY motif, is crucial to determine the
activation state of the receptor.

In addition, our simulations describe a direct
correlation between the value of the x; angle of Asn
(2.40) and the ionic-lock conformation. This transi-
tion of the Asn(2.40) side chain significantly alters
the electrostatic potential felt by Arg(3.50), thus
explaining how highly conserved residues in helices
II and VII, which are located far away from the G-
protein interaction site, can ease the conformational
transition of the receptor.

In summary, we have identified that the proton-
ation state of the crucial residue Asp(2.50) directly
influences the probability of ionic-lock formation via
a series of conformational changes of highly con-
served residues in helices II and VII, including the
NPxxY motif and Asn(2.40). This mechanism, which
is likely to be shared by most class A GPCRs, is not
present in rhodopsin. Even though these are only
preliminary steps toward a comprehension of the
molecular details of GPCR function, we envision that
emergence of new crystal structures together with
computer simulations will be able to shed more light
into the full activation process of such receptors that
is of utmost pharmaceutical and biological relevance.

Materials and Methods

All simulations are based on the crystal structure of
human B,AR (PDB code 2RH1)? and on chain B of the
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crystal structure of partially mutated (31AR-m23) turkey
p1AR (PDB code 2VT4) solved at 2.7-A resolution.®
MODELLER9v3* ™ was used to add the missing amino
acid residues 1629 and 342-353 in the N-terminal and C-
terminal tails of B,AR, respectively, and residues 31-38
and 360-367 in the N-terminal and C-terminal tails of
B1AR, respectively. Amino acid residues 1-15 and 354-365
in poAR and residues 1-30 in £, AR, which are also missing
in the X-ray structure, were not included. The same
software package has been used to model the third
intracellular loop (residues 234-259 for B,AR and residues
239-243 and 272-283 for p1AR) choosing the loop with the
lowest DOPE score.*’ The third intracellular loop of ;AR
was modeled maintaining the same deletion (residues 244—
271) that was used to achieve crystallization. For wild-type
B1AR, residues S68, V90, A227,1.282, A327 and M338 were
mutated back to R68, M90, Y227, A282, F327 and F338.

In both receptors, all ionizable side chains and the C-
and N-termini are in their default ionization states, except
for Asp(2.50), which is modeled in both protonation states
for all the systems, and for Glu(3.41), which is protonated
in all simulations. All histidine residues present in the
proteins are assumed to be protonated either in the N°
position (His22, His269 and His296 for p,AR; His180 for
B1AR) or in the N position (His18, His93, His172, His178,
His241 and His256 for 3,AR; His286 in 3;AR). Carazolol,
cyanopindolol and isoprenaline carry a net positive charge
of +1e.

Overall neutrality of the system at physiological ion
concentration (100 mmol/l) was obtained adding 20
sodium and 30 chloride ions to the aqueous phase for
B2AR simulations with a protonated Asp(2.50), while 14
sodium and 30 chloride ions were added in the p;AR
system with a protonated Asp(2.50). A chloride ion was
removed in the simulations with a deprotonated Asp
(2.50). Heteroatoms (as defined in the PDB format) present
in the crystal structures are not included in the model,
except for internal water molecules, the ligands and a
palmitic acid residue bound to Cys341 for p,AR. The
program Dowser” was used to locate internal cavities in
the protein and to assess their hydrophilicity by means of
calculating the interaction energy of a water molecule with
the surrounding atoms. A water molecule was placed in a
cavity if the interaction energy was stronger than
—10 kcal/mol. By this criterion, which has been found to
be able to distinguish well-hydrated from empty
cavities,’*! 5 water molecules in addition to the ones
resolved in the crystal structure were added for p,AR,
while in the case of 31AR, 13 water molecules in addition
to the seven crystallographic ones were added.

The lipid used for the membrane simulation is 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine. The
length of the aliphatic tail was chosen in such a way as to
optimize the hydrophobic matching between the protein
and the lipid bilayer. The system was immersed in a box of
water of approximately 90x90x 105 A containing 16,000
molecules. The box dimensions were chosen in such a way
that the minimum distance between periodic images of the
protein is always larger than 30 A during the simulation.
The protein was inserted into the membrane such that
helix VIII lies at the hydrophobic-hydrophilic interface,
with the hydrophilic residues pointing toward the
aqueous phase. The total number of atoms in our models
is about 90,000.

The all-atom AMBER/parm99SB°” force field was used
for the protein, carazolol, cyanopindolol and isoprenaline,
whereas the AMBER/parm96 was used for the lipid
bilayer in combination with the SPC* model for water.
The force field for the palmitic acid from previous studies

was used.’! The atomic charges for carazolol, cyanopin-
dolol and isoprenaline were derived by RESP5254% fitting
using HF/6-31G* optimized structures, and electrostatic
potentials were obtained using the Gaussian03 package.”

All data collections and equilibration runs were done
using GROMACS 4.°” Electrostatic interactions were
calculated with the Ewald particle mesh method,”® with
a real space cutoff of 12 A. Bonds involving hydrogen
atoms were constrained using the LINCS™ algorithm, and
the time integration step was set to 2 fs. The system was
coupled to a Nosé-Hoover thermostat®”®' and to an
isotropic Parrinello-Rahman barostat®® at a temperature
of 310 K and a pressure of 1 atm.

After insertion of the protein in a preequilibrated lipid
bilayer, the system was minimized using steepest descent
algorithm and then heated to 310 K in 1040 ps while
keeping positional restraints on crystallographic C* and
ligand heavy atoms. The constraints were successively
removed during three sets of 3-ns runs. Finally, the
equilibration run was completed with a 6-ns run with
positional restraints applied to the ligand heavy atoms.

Simulations of apo-form and isoprenaline-bound R,AR
were started from the equilibrated carazolol-bound
structures after removal of the bound ligand or replace-
ment of the bound carazolol with isoprenaline after
superimposition of the N-C-C-OH motif shared by many
adrenergic receptor agonists and antagonists.

All data analyses were done using GROMACS™ utilities,
and all molecular images were made with Visual Molec-
ular Dynamics;*® Poisson-Boltzmann pK,, calculations® in
Table 1 were made using the H™" server”.
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