BIOCHEMISTRY

including biophysical chemistry & molecular biology

DOI: 10.1021/b1900299f

Article

Observation of “Ionic Lock™ Formation in Molecular Dynamics Simulations of Wild-Type

B, and B, Adrenergic Receptors’

Stefano Vanni, Marilisa Neri, Ivano Tavernelli, and Ursula Rothlisberger*

Laboratory of Computational Chemistry and Biochemistry, Federal Institute of Technology, EPFL, CH-1015 Lausanne, Switzerland

Received February 20, 2009, Revised Manuscript Received April 6, 2009

ABSTRACT: G protein coupled receptors (GPCRs) are a large family of integral membrane proteins involved in
signal transduction pathways, making them appealing drug targets for a wide spectrum of diseases. The
recently crystallized structures of two engineered adrenergic receptors have opened new avenues for the
understanding of the molecular mechanisms of action of GPCRs. Taking the two crystal structures as a
starting point, we carried out submicrosecond molecular dynamics simulations of wild-type f; and f5,
adrenergic receptors in a lipid bilayer under physiological conditions. These simulations give access to
structural and dynamic properties of the receptors in pseudo in vivo conditions. For both systems the overall
fold properties of the transmembrane region as well as the binding pocket remain close to the crystal structure
of the engineered systems, thus suggesting that the ligand binding mode is not affected by the introduced
modifications. Both simulations indicate the presence of one or two internal water molecules absent in both
crystal structures and essential for the stabilization of the binding pocket at the interface between
transmembrane helices 111, IV, and V. The different interactions arising from the substitution of Tyr308 in
B>AR into Phe325 in ;AR induce different conformations of the homologous Asn(6.55) inside the binding
pockets of the two receptors, suggesting a possible origin of receptor specificity in agonist binding. The
equilibrated structures of both receptors recover all of the previously suggested features of inactive GPCRs
including formation of a salt bridge between the cytoplasmatic moieties of helices I1I and VI (“ionic lock™)
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that is absent in the crystal structures.

G protein coupled receptors are the largest family of integral
membrane receptors responsible for signal transduction into the
cell, and they play a crucial role in many essential and diverse
physiological processes, ranging from neurotransmission to cell
growth. As a consequence, they are drug targets for a wide
spectrum of diseases (/). Among them, § adrenergic receptors are
crucial for cardiovascular and pulmonary function regulation
through the binding of catecholamines, such as the endogenous
hormone adrenaline or the neurotransmitter noradrenaline.

In particular, distinction between f; and [3, adrenergic recep-
tors is based upon their relative affinities for these two catecho-
lamine agonists as well as on their relative distribution in cell
tissue. Differences in f;AR and S,AR are responsible for their
different role upon agonist activation (mainly heart muscle con-
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traction for 5;AR and smooth muscle relaxation for $,AR), and
the development of 5-blockers able to bind selectively among the
two receptors is a major focus in drug development (2).

Three-dimensional structures of GPCRs' have been very
difficult to obtain despite many efforts, and until recently
rhodopsin was the only GPCR for which crystallographic data
were available (3). As a consequence, analysis of the dynamical
properties at the atomistic scale of such proteins was only
possible via computational techniques based on homology
modeling with rhodopsin as a template (4, ).

Recently, Stevens et al. (6) and Schertler et al. (7) were able
to resolve the crystal structures of 5, and 5, adrenergic receptors,
thus opening a large field of potential studies and app-
lications regarding structure and function of GPCRs able to
bind diffusible ligands. The procedures followed to achieve
crystallization of the two highly homologous receptors (8, 9)
imply different experimental modifications of the native system
(i.e., engineering with a lysozyme or an antibody (/0) in the third
intracellular loop for 5,AR and several single point mutations for
B1AR). In both cases, partial or total deletion of the third
intracellular loop, which is known to interact with G proteins,
was crucial to achieve crystallization. Since these modifications
perturb the activity of the receptors with respect to the in vivo
environment, stand alone analysis of the crystallographic data
seems insufficient to draw definitive conclusions on the relation-
ship between structure and function (6, 7, 11, 12). In particular,
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T4L-B,AR lysozyme chimera exhibits WT affinity for antago-
nists and inverse agonists but 2-to-3-fold higher affinity for both
agonists and partial agonists (8). The mutant 8;AR-m23, on the
other hand, binds antagonists with similar affinities to that of the
WT receptor while the agonists noradrenaline and isoprenaline
bind more weakly by a factor of 2470 and 650 (9), respectively.

Even though the specificity of catecholamine-binding ARs is
well studied (/3) and several experiments (/4—18) have shown
which residues are crucial in agonist and antagonist binding, to
date no atomistic explanation of the observed specificity is
available. Moreover, although the binding mode of the partial
inverse agonist carazolol and of the high-affinity antagonist
cyanopindolol can be inferred from the crystal structures (6, 7),
some questions arise from this static picture of the binding
pocket. In particular, the side chain rotamer conformation of
Ser203 in 5,AR is unexpectedly different from the conformation
adopted in the §;AR crystal structure by the homologous residue
Ser211 (7). At the same time, the dynamic properties of the
binding pocket as well as the role of water remain largely
unknown (79, 20). Interestingly, in spite of the distinct specifi-
cities of 5;AR and $,AR, a comparison between the binding
pockets of the two receptors shows that only one residue in the
immediate surrounding of the ligand' is different (Phe325 in
B1AR equivalent to Tyr308 in 5,AR), but it does not directly
interact with the bound ligand.

The multistep process leading to GPCR activation is still
unclear, and the common framework to describe receptor activa-
tion is the so-called extended ternary complex model (2/), which
proposes an equilibrium between inactive and active states.
Several experiments (22—33) identified a number of conserved
regions in GPCRs, disruption of which could lead to a shift in the
active/inactive equilibrium of the receptor. Among them, the
conformational transition of Trp(6.48) of the CWxP motif in
TMG6 (the “rotamer toggle switch”), the interaction pattern of Asn
(7.49) and Tyr(7.53) of the NPxxY motif in TM7, and the salt
bridge (“ionic lock”) between Arg(3.50) of the (D/E)RY motif of
TM3 and the partially conserved Glu(6.30) in the cytoplasmatic
end of TM6. Quite surprisingly, the crystal structures of the two
adrenergic receptors (ARs), that are bound to an inverse agonist
and to an antagonist and are thus likely to be representative of the
inactive conformation of the receptor, are lacking the salt bridge
between the cytoplasmatic ends of TM3 and TM6, a feature that
was suggested by previous experiments as a key representative of
the inactive state of such receptors (22, 24, 32, 34—40).

Molecular dynamics simulations of transmembrane proteins
embedded in a lipid bilayer with explicit solvent and counterions
provide a realistic representation of the protein in its native
environment (4/), and previous MD studies (42—44) have
supplied insights into the function and the activation mechanisms
of GPCR-like systems. To investigate the global structural
stability of the binding pocket and the atomistic binding modes
of different ligands as well as the dynamical properties of the
receptors, we carried out 0.5 us molecular dynamics simulations
of monomeric (45) wild-type /AR and ;AR in a lipid bilayer.
For the latter system, we also performed simulations of the 5; AR
mutant that was used to achieve crystallization. Although the
limited time scales of MD simulations (hundreds of nanoseconds)
are not able to capture the overall process of activation of ARs
(that includes time scales of the order of milliseconds), they can
give insights about the behavior of wild-type receptors and help

'Defined as within 5 A from the ligand in the crystal structure.
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in detecting possible structural and dynamic differences between
the two highly homologous receptors.

METHODS

All simulations are based on the crystal structure of human
f3> adrenergic receptor (Protein Data Bank code 2RH1) obtained
at 2.4 A resolution after replacement of the third intracellular
loop with a T4-lysozyme chimera (T4L-3,AR) (6) and on chain B
of the crystal structure of partially mutated (R68S, MOV,
Y227A, A282L, F327A, F338M) turkey f3; adrenergic receptor
(Protein Data Bank code 2VT4) solved at 2.7 A resolution
(81AR-m23). MODELLERYV3 (46—48) was used to add missing
amino acid residues 16—29 in the N-terminal and residues 342—
353 in the C-terminal tail of 5,AR; amino acid residues 1—15 and
354—365 that are also missing in the X-ray structure were not
included. The same software package has been used to model the
third intracellular loop (234—259), choosing the loop with the
lowest DOPE score (49) among the ones not overlapping with the
explicit membrane. The same procedure was used for the 3;AR,
where residues 31—38 in the N-terminus and residues 360—367 in
the C-terminus were added, while residues 1—30, absent in the
crystal structure, were not included. The third intracellular loop
(residues 239—243 and 272—283) was modeled, maintaining the
same deletion (residues 244—271) that was used to achieve
crystallization. For wild-type AR, residues Ser68, Val90,
Ala227, Leu282, Ala327, and Met338 were mutated back to
Arg68, Met90, Tyr227, Ala282, Phe327, and Phe338.

In both receptors, all ionizable side chains and the C- and
N-termini are in their default ionization states, except for Asp
(2.50) and Glu(3.41). Asp(2.50) is assumed to be protonated on
the basis of FTIR experiments carried out on the homologous
receptor rhodopsin that suggest that Asp(2.50) is protonated in
both dark and Metall rhodopsin(50). The protonation state of
Glu(3.41), that is located in TM3 and is particularly close to TM4
and to the membrane environment, has been studied by carrying
out MD simulations of both possible protomers in the case of
PB-AR; in fact, while Poisson—Boltzmann analysis suggests that
the residue is carrying a net negative charge (6), FTIR experi-
ments on the homologous Glul122 of rhodopsin suggest that this
residue is protonated in both rhodopsin and metarhodopsin (50).
Analysis of the overall rmsd of TM4 (that interacts directly with
the side chain of Glu122 in the simulation where the residue is
charged) and of rmsd of residues within 5 A of the side chain of
Glu(3.41) in the crystal structure suggests that Glu(3.41) is
protonated in the native form of the receptor. All histidine
residues present in the proteins are assumed to be protonated
either in the Ny position (His22, His269, His296 for f,AR;
His180 for $;AR) or in the N, position (His18, His93, His172,
His178, His241, His256 for 5,AR; His286 in 5;AR). The net
charge of carazolol (Figure 1a) and cyanopindolol (Figure 1b)
has been set to +1 e.

FiGuURrE 1: Carazolol (left) and cyanopindolol (right) structures and
corresponding numbering schemes.
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An overall neutral system at physiological ion concentration (100
mmol/L) was obtained adding 20 sodium and 30 chloride ions to
the aqueous phase for the 5,AR simulation, while 14 sodium and
30 chloride ions were added in the §; AR system. 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
B.AR. The program Dowser (57) 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 (42, 51), five water molecules in
addition to the ones resolved in the crystal structure were added
for 5,AR, while in the case of AR, 13 water molecules in
addition to the seven crystallographic ones were added (Figure 2).

The lipids used for the membrane simulation are 1-stearoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (SOPE). 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 90
x 90 x 105 A containing 16000 molecules. The box dimensions
are 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 90000.

The all-atom AMBER /parm99SB (52) force field was used for
the proteins, carazolol and cyanopindolol, whereas the AMBER/
parm96 was used for the lipid bilayer in combination with the
SPC (53) model for water. The force field for the palmitic acid
was taken from previous studies (42). The atomic charges for
carazolol and cyanopindolol were derived by RESP (52, 54, 55)
fitting using HF/6-31G* optimized structures and electrostatic
potentials obtained using the Gaussian03 package (56).

All data collections and equilibration runs were done using
GROMACS 4 (57). Electrostatic interactions were calculated
with the Ewald particle mesh method (58), with a real space cutoff
of 12 A. Bonds involving hydrogen atoms were constrained using
the LINCS (59) algorithm, and the time integration step was set
to 2 fs. The system was coupled to a Nosé—Hoover thermostat
(60,61)and to an isotropic Parrinello—Rahman barostat (62) at a
temperature of 310 K and a pressure of 1 atm.

ECL2
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FIGURE 2: B,AR (left) and ;AR (right) tertiary structures with the

ligands carazolol and cyanopindolol (yellow), crystal water molecules
(red), and internal water molecules placed by Dowser (57) (blue).
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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 removed slowly 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.

All data analyses were done using GROMACS (57) utilities,
and all molecular images were made with Visual Molecular
Dynamics (VMD) (63).

RESULTS

Native Structure. To understand the dynamic properties of
the native structures of the receptors, we have carried out MD
simulations of $;AR-m23 and of wild-type 5;AR and S,AR.
Simulations on the hundreds of nanoseconds time scale in pseudo
in vivo environment indicate that the global fold properties of the
receptors suggested by the two crystal structures are retained
along the simulations despite the engineering techniques used for
crystallization. Equilibration of the system could be obtained
with only small deviations from the X-ray structures even though
significant equilibration times (50—100 ns) are required. Specifi-
cally, the backbone rmsd of the seven transmembrane helices of
the equilibrated geometry is less than 1.2 A for wild-type ,AR,
around 1 A for wild-type $,AR, and 1.5 A for f;AR-m23
(see Supporting Information).

In addition, rmsd analysis of the different TM helices suggests
that TM6 and TM7 are mainly responsible for deviations from
the crystal structure as they display the greatest mobility among
all TMs. This is consistent with the high p-factor of the
intracellular moiety of TM7 and TM6 and can be a consequence
of the artifacts introduced by the modeling of the third intracel-
lular loop (ICL3) that is missing in the crystal structure. This is
particularly true in the simulation of $,AR where the ICL3
fragment is 26 residues long. Equilibration of such a long
intracellular loop requires extensive simulation times, and even
if the rmsd of ICL3 reaches a plateau in our simulations, this may
not correspond to the equilibrium conformation of the loop in
the native receptor. Nevertheless, the low value for the global
backbone rmsd of TM5 and TM6 (lower than 1.5 Ainall cases)
suggests that the conformation of this loop does not affect the
fold properties of the transmembrane region in a significant way
in the time scales we have investigated here.

A number of specific characteristic features suggested by the
two crystal structures are retained throughout the simulations,
among them, the direct hydrophobic interactions between the
ligands and ECL2 that lock this loop into a fairly rigid con-
formation (in both receptors) and the presence of a sodium ion
within ECL2 coordinated by the backbone carbonyl groups of
residues Cys192, Asp195, and Cys198 and two water molecules
(in $1AR). In particular, it is remarkable that the overall rmsd of
the two active sites (defined by including residues within 5 A from
the ligands in the crystal structure) is extremely low, oscillating
around 1 A in all of the simulations (data in Supporting
Information). Moreover, both hydrophobic interactions as well
as the hydrogen bond network between the ligand and the
receptors remain nearly unchanged during 500 ns of simulation
time for the three systems.

These considerations strongly suggest that both engineering
techniques used to achieve crystallization do not induce signifi-
cant modifications in the structure of the receptors with respect to
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the wild types and that the conformation of the binding site and
the description of the binding modes constitute a reliable starting
point for further investigations.

Binding Mode. The precise binding mode of diffusible
ligands in class A GPCRs is not yet completely known. The
crystal structures of the two ARs have confirmed that Asp(3.32)
and Asn(7.39) form a complementary H-bond (defined by a
N—O distance cutoff of 3 A and an angle cutoff of 20°) network
with the ethanolamine group of the ligands (Figure 3 shows the
interaction pattern for carazolol in the $,AR binding pocket),
where Asn(7.39) acts both as a H-bond acceptor and donor to the
amine nitrogen and hydroxyl oxygen of the ligands and Asp(3.32)
is a H-bond acceptor for the protonated amine nitrogen and the
hydroxyl group of the ligands. The carbazole heterocycle of
carazolol and the indole derivative moiety of cyanopindolol
interact with Phe(6.52) via an edge-to-face m stacking (Figure 4)
while the carbazole and the indole nitrogen atoms of the ligands
act as a H-bond donor for the carboxyl oxygen of the Ser(5.42)
side chain (Figure 3).

Unrestrained MD simulations of carazolol-bound $,AR and
of cyanopindolol-bound 5;AR, carried out for 500 ns, show that
the hydrogen bond network between the ethanolamine group of
the ligands and residues Asp(3.32) and Asn(7.39) is conserved
during the simulation time, thus showing a high stability even
under realistic conditions. In particular, the MD simulations
highlight the role of Tyr(7.43), a residue highly conserved among
class A GPCRs(64), that does not interact directly with the
ligands but stabilizes Asp(3.32) acting as H-donor to form an
hydrogen bond with one of the two carboxyl oxygens of Asp
(3.32) as already suggested from inspection of the crystal
structures (Figure 3).

While the N—C—C—OH motif is shared by many adrenergic
receptor agonists and antagonists, the carbazole and the indole
moieties of the ligands and their binding mode with the other
amino acids in the binding pocket might contribute for the
specificity of the inverse activity of carazolol and the antagonist
activity of cyanopindolol, respectively. These peculiar interac-
tions are achieved by both tight interactions between the carba-
zole and the indole rings and hydrophobic residues as well as by
an important hydrogen bond between the nitrogen atom of the
carbazole and indole moieties and the side chain oxygen of Ser
(5.42) (Figure 3). The side chain conformation of Ser(5.42), and
in particular the dihedral angle formed between the side chain O,,
atom and the Cg, Cy, and C, is different in the crystals of the two
ARs. This hydrogen bond is conserved along the whole trajectory
in all of the simulations, and the most stable conformation is the
one found in the crystal structure of §;AR-m23. This peculiar
interaction pattern is stabilized by a network of hydrogen bonds
between the side chains of Ser(5.42), Ser(5.46), and Tyr(5.38), the
backbone oxygen of Tyr(5.38), and one or two water molecules
present in the cavity between TM3, TM4, and TMS (Figure 5)
that enter the binding site during the simulations. The role of
these water molecules is crucial to stabilize the inverse agonist/
antagonist interaction network at the interface between TM3,
TM4, and TMS (Figure 5), especially the backbone—backbone
interaction between Ser(5.42) and Ser(5.46). It is worth mention-
ing that one of these internal water molecules is present in chains
A and D of the crystal structure of 5; AR, while it is absent both in
chain B and in chain C of $;AR and in the crystal structure of
P.AR. This feature may be specific for inverse agonist/antagonist
binding while in the case of agonists a different binding mode has
been suggested (10).
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FIGURE 3: Hydrogen bond interactions between carazolol, Asp113
(3.32), Asn312(7.39), and Tyr316(7.43) (on the left) and with Ser203
(5.42) and Ser207(5.46) (on the right).

FIGURE 4: View from the extracellular side of hydrophobic interac-
tions between carazolol (in space-filling representation) and residues
Vall14(3.33), Phe193(5.32), Phe289(6.51), and Phe290(6.52).

FIGURE 5: Hydrogen bonds between cyanopindolol and residues
Thr203(5.34), Tyr207(5.38), Ser211(5.42), and Ser215(5.46) with
one water molecule present in the cavity (left) or two water molecules
present in the cavity (right).

At the same time, the X-ray structures show tight hydrophobic
packing between the ligands and a series of surrounding residues
(Trp(3.28), Val(3.33), Val(3.36), Phe(5.32), Thr(5.34), Tyr(5.38),
Phe(5.47) Trp(6.48), Phe(6.51), Phe(6.52), and Ile(7.36)). Among
these, the role of Val(3.33) (Figure 4) is crucial, since it has been
shown that mutation of this residue into Ala decreases 5,AR
affinity toward the antagonist alprenolol by 1 order of magnitude
and lowers affinity for the agonist adrenaline 300-fold (/8).

MD simulations show that this tight hydrophobic packing
(Figure 4) leads to a well-preserved orientation of the ligands in
the binding pocket, where the only, limited, mobility is the
thermally allowed rotary movement of the isopropyl tail of
carazolol and the fert-butyl tail of cyanopindolol.
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Interestingly, one of the residues located between the ligand
and the extracellular aqueous environment is Phe(5.32)
(Figure 4), which maintains hydrophobic interactions with the
ligand. This residue could be involved in the regulation of ligand
entry in the binding pocket. It belongs to the short a-helix present
in the second extracellular loop (Figure 4), a secondary structure
element that is peculiar to B adrenergic receptors and that is
absent in all rhodopsin crystal structures.

Receptor Specificity. The binding mode suggested by the
crystal structures is consistent with earlier site-directed mutagen-
esis studies that highlighted the role of Asp(3.32), Asn(7.39), and
Ser(5.42) in both agonist and antagonist binding (/5—17)
(Figure 3). Moreover, Ser(5.43), Ser(5.46), and Asn(6.55) that
are supposedly (14, 65, 66) not involved in antagonist binding
(while being crucial for agonist binding) are indeed located in the
binding pocket but do not interact directly with the ligand.

Interestingly, the immediate surroundings of the binding
pocket (defined as all amino acids within 5 A from the ligand)
are fully conserved with the sole exception of Tyr308(7.35) in
P-AR that is mutated into Phe325(7.35) in 5;AR. Mutagenesis
studies (66, 67) suggest that Tyr308 in 5,AR plays a role in
agonist selectivity. This residue is located in the proximity of the
charged nitrogen of the ligand at the interface between the active
site and the solvent (Figure 6) within hydrogen bond distance
from Asn(6.55), another residue known to be crucial in agonist
binding (65).

Due to the different physical interactions with Tyr308, respec-
tively Phe325, the conformation of Asn(6.55) is different in the
two simulations. In 5,AR a stable hydrogen bond between the
hydroxyl group of Tyr308 and the side chain oxygen of Asn(6.55)
assists in keeping the binding site in a closely packed conforma-
tion around the ligand (Figure 6). As a result of this interaction,
the amine group of Asn(6.55) can assume different possible
conformations; the absence of a fixed conformation for Asn
(6.55) might rationalize the marginal role of this residue in
antagonist/inverse agonist interactions (65). Residue Phe325 in
B1AR, on the other hand, cannot form hydrogen bonds with Asn
(6.55), a residue that is stabilized by a hydrogen bond (either as
hydrogen donor or hydrogen acceptor) with the side chain of Ser
(5.43), another residue that is known to be involved in agonist
binding as indicated by mutagenesis studies (/4).

These results indicate that the effects that the replacement of
Tyr308 by Phe325 has on Asn(6.55) could induce in turn a
different interaction between this residue and the hydroxyl
groups of the catechol moiety of the agonists adrenaline and
noradrenaline, thus suggesting a possible origin of the specificity
of #1AR versus S,AR in agonist binding.

Further differences between ;AR and AR can be found in
the extracellular side that controls ligand access to the binding

raf .
FIGURE 6: Preferred conformations of Asn310(6.55) and Phe325

(7.35) in B1AR (left) and conformation of Asn293(6.55) and Tyr308
(7.35) in 5,AR (right).
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pocket. This region is also remarkably different in the two AR
crystal structures when compared to rhodopsin. In particular, the
two packed f3-sheets that are shielding the active site of rhodopsin
from water to prevent hydrolysis of the covalently bound
protonated Schiff base of cis-retinal are replaced, in adrenergic
receptors, by a long loop forming a helix that lies on top of the
active site and directly contributes to the tight hydrophobic
packing around the ligand via Phe(5.32).

The stabilization of this channel is achieved in different ways in
the two adrenergic receptors. Key differences are the salt bridge
formed in AR between Asp192(5.31) and Lys305(7.32) that is
present in S,AR but not in $;AR, as well as the peculiar
interaction achieved in ;AR arising from coordination of a
sodium ion by the backbone carbonyl groups of residues located
in ICL2 (Cys192, Aspl95, Cys198) and two water molecules.
Simulations show that these interactions are strictly preserved
along the dynamics.

Activation/Inhibition Model. 1t is generally accepted that
rhodopsin, the most studied G protein coupled receptor, under-
goes a bimodal activation mechanism, where the active (R*) state
is reached starting from the inactive (R) state after photoinduced
isomerization of the retinal in the binding pocket via a series of
collective movements that involve the transmembrane helices and
the intracellular loops (2/). Rhodopsin can be activated by a
single photon, but in the absence of light it has no detectable basal
activity. On the other hand, adrenergic receptors, like many
GPCRs, show a considerable amount of basal, agonist-indepen-
dent activity. In addition, a large class of substances are able to
alter the ability of adrenergic receptors to activate a given
signaling pathway; in particular, agonists are able to fully activate
the receptor, partial agonists induce submaximal activation of the
G protein even at saturation concentrations, inverse agonists
inhibit basal activity, while antagonists have no effect on basal
activity but competitively block the access of other ligands.

Many GPCR activation mechanisms have been proposed in
the literature (5, 22—24, 27, 32, 33, 36—38, 68), but there is no
consensus about their generality, the time scale in which they
occur, and whether they are all essential to activate a given
signaling pathway. The most studied and generally acknowl-
edged activation mechanisms for adrenergic receptors are the
conformational transition of Trp(6.48) in the CWxP motif in
TM6 (the “rotamer toggle switch”), the modulation of the
pattern of interactions of the NPxxY motif of TM7 and the
internal water molecules linking Trp(6.48), Asp(2.50), and the
NPxxY motif, and the breaking of the salt bridge (“ionic lock™)
between Arg(3.50) in the (D/E)RY motif of TM3 and the
conserved Glu(6.30) in the cytoplasmatic end of TM6.

Moreover, the recently solved crystal structure of ligand-free
opsin in its G-protein interacting conformation(69) has con-
firmed that outward movement of the intracellular part of TM6
(that tilts outward by 6—7 A with respect to the structure of dark
rhodopsin) is required for activation. This movement enables Arg
(3.50) to adopt an extended conformation pointing toward the
protein core and to interact directly with the G-protein. This
conformation is further stabilized by a conformational change of
Tyr(5.58) and Tyr(7.53) that move toward the protein core
getting closer to Arg(3.50) and, in the case of Tyr(5.58), forming
a new hydrogen bond with the positively charged residue.

The systems studied in this work should represent adrenergic
receptors in slightly different functional states. Wild-type /,AR
with the bound inverse agonist carazolol and f;AR-m23 with the
bound antagonist cyanopindolol should mimic the inactive state
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of the receptors while wild-type ;AR with the bound antagonist
cyanopindolol should represent a less inactive conformation.

Quite surprisingly, the crystal structures of the two adrenergic
receptors do not completely reproduce all of the characteristics
that were thought to be representative of the inactive form of
GPCRs. In particular, while Trp(6.48) and the pattern of
interaction of the NPxxY motif are very similar to the inactive
form of rhodopsin and consistent with previous studies on
different GPCRs (19, 27, 35, 70), the interhelical cytoplasmic
distance between TM3 and TM6 in the two adrenergic receptors
is larger than in inactive rhodopsin (Table 1), thus preventing
formation of the salt bridge between Arg(3.50) of the (D/E)RY
motif of TM3 and Glu(6.30).

In all of our simulations, the conformation of Trp(6.48) does
not change, thus retaining the inactive-like state that was found in
both crystal structures. A pair of conserved (/9) internal water
molecules create a stable hydrogen bond network connecting Trp
(6.48) with the highly conserved Asp(2.50) (Figure 7). The
interaction between Asp(2.50) and Asn(7.49) of the NPxxY motif
has been suggested as a crucial step in the activation process of
thyrotropin receptor (27), with Asn(7.49) undergoing a gauche—
trans isomerization that allows for direct interaction with Asp
(2.50) in the active conformation of the receptor. In agreement
with these observations, we do not see any such direct interaction
in our simulations, thus confirming that the systems under
investigation are likely to represent inactive states of the receptors.

At the same time, it has been proposed that Tyr(7.53) of the
NPxxY motif, situated at the cytoplasmatic end of TM7, must
directly interact with TM2 in the inactive state of 5,AR, based on
analogy with the crystal structure of rhodopsin and MD simula-
tions (70). This interaction is not present in either of the crystal
structures of $,AR and $;AR. In our simulations, we observe
that Tyr(7.53) is indeed changing conformation with respect to
the crystal structures (Figure 7) pointing toward TM2 and, in the
case of wild-type ,AR, is directly interacting with Asn(2.40).

On the other hand, the crystal structure of active opsin (69)
suggests that Tyr(5.58), that is located in the intracellular moiety
of TMS, can play a role in the activation mechanism. In
particular, this residue points toward the lipid-exposed side of
TM6 in dark rhodopsin, while it is directly pointing toward the
protein core in the opsin crystal structure, directly hydrogen
bonding Arg(3.50). Interestingly, in the crystal structure of
PAR-T4L this residue lies between TM3 and TM6 in an
opsin-like conformation, while it has been mutated to an alanine
in the crystal structure of 5;AR-m23. In both simulations of
reconstructed wild-type receptors, Tyr(5.58) adopts a stable
conformation that is similar to the one found in the crystal
structure of inactive rhodopsin, pointing toward the TM5—TM6
interface. In this conformation, the hydroxyl moiety of Tyr(5.58)
forms a stable hydrogen bond with the backbone oxygen of Leu
(6.34) that stabilizes the TM5—TM6 interface. It must be noted
that simulations of f;AR-m23, where Tyr(5.58) is mutated into
an alanine, suggest that this TM5—TM6 stabilization can be
replaced by formation of an hydrogen bond between the hydro-
xyl of Tyr(5.62) and the backbone oxygen of Lys(6.35).

However, the most studied and widely accepted activation
mechanism is the disruption of the network of interactions
(“ionic lock”) located at the cytoplasmic interface between
TM3 and TM6 in the highly conserved (D/E)RY amino acid
sequence. Evidence for such a mechanism, both in rhodopsin and
in adrenergic receptors, has been collected by a variety of studies
including site-directed mutagenesis (22, 34, 39), fluorescence spec-
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Table 1: C,—C, Distance between Arg(3.50) and Glu(6.30) in Available
Crystal Structures of GPCRs in the Protein Data Bank and from MD
Simulations®

Cy—Cq
data functional “lonic-lock”
GPCR  origin PDBID state distance (A)
rhodopsin ~ X-ray 1F88(3) inactive 8.7
rhodopsin ~ X-ray 1U19(72) inactive 9.1
rhodopsin ~ X-ray 2G87(73) batho 9.0
rhodopsin ~ X-ray 2HPY(74) Tumi 9.1
rhodopsin ~ X-ray 2137(75) photoactivated 10.6
deprotonated
intermediate
opsin X-ray 3CAP(69) active 15.0
PrAR-4TL  X-ray 2RHI(6) hybrid 11.2
S1AR-m23  X-ray 2VT4(7) inactive 11.0
A1AR-m23 MD inactive 7.7
pAR-wt  MD inactive 7.3
P1AR-wt  MD inactive/partially active 9.8

“Corresponding to the average value over the final 100 ns.

FiGure 7: Water-mediated hydrogen bond network between Trp
(6.48), Asp(2.50), Asn(7.49), and Tyr(7.53).

troscopy (35, 40, 71), site-directed spin labeling (38), and double
electron—electron resonance (36), as well as analysis of available
crystal structures of rhodopsin and its apoform opsin (Table 1).
Surprisingly, the crystal structures of the two adrenergic
receptors are lacking such a “lock”, and the C,—C, distance
between Arg(3.50) and Glu(6.30) that has been suggested as a
better marker than the mere salt bridge formation (7) (due to the
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high f factor of the two residues) is larger than in the inactive
forms of rhodopsin (Table 1). As a consequence, formation of the
Arg(3.50)—Glu(6.30) salt bridge cannot be achieved by mere side
chain rotation, but it must be driven by collective movements of
the transmembrane helices.

Our simulations show indeed formation of the ionic lock, with
the cytoplasmatic end of TM6 approaching TM3 resulting in an
equilibrium geometry that is stabilized by direct interaction of
Arg(3.50) and Glu(6.30).* Moreover, the stable conformations of
B.AR and f;AR-m23, that should mimic the inactive configura-
tion of the receptor, show a C,—C, distance between Arg(3.50)
and Glu(6.30) (Figure 8) that is comparable with the X-ray
structures of inactive rhodopsin (Figure 8). In wild-type f;AR,
instead, TM3 and TMG6 are closer than in the crystal structure,
and although the “ionic lock” between the two side chains is
formed, the C,—C, distance is larger than in inactive rhodopsin,
in agreement with the consideration that wild-type ;AR bound
to cyanopindolol does not keep the receptor in a completely
inactive conformation.

Combined mutational and FTIR experiments on rho-
dopsin (28) suggested that disruption of the intrahelical salt
bridge between Arg(3.50) and Glu(3.49) is considerably more
critical for shifting the equilibrium to the active conformation
than disruption of the “ionic lock” between TM3 and TM6. Our
simulations support these considerations, and the salt bridge
between Arg(3.50) and Glu(3.49) is well conserved along the
trajectories.

*It has also been suggested (7, 28) that crystal packing effects could be
responsible for the misfolding of ICL2 in the crystal structure of f,AR
and that this could lead to a non-native position of a conserved tyrosine
(Tyr149in AR, Tyr141in ,AR). The side chain of this tyrosine forms
a hydrogen bond with Asp(3.49) in ;AR (where the ICL2 shows a well-
structured a-helical conformation) while it is located between Glu(6.30)
and Arg(3.50) in the crystal structure of S,AR. Our simulations show
that while in ;AR the interaction between this tyrosine and Asp(3.49) is
extremely stable, in 5,AR the tyrosine moves away, thus allowing
formation of the salt bridge between Glu(6.30) and Arg(3.50); at the
same time the side chain of Ser143 in ICL2 forms direct hydrogen bonds
to Asp(3.49), thus replacing the role of Tyr149 in $;AR.

CONCLUSIONS

With the recent crystal structures of § adrenergic receptors
(6, 7) as a starting point, our simulations provide for the first time
an atomistic picture of the dynamics of the unengineered form of
G protein coupled receptors able to bind diffusible ligands.

Despite the sequence differences between the engineered forms
that have been crystallized and the reconstructed wild-type
receptors, the wild-type receptors remain extremely close to the
X-ray structure, and only small deviations can be noticed over
hundreds of nanoseconds of simulation time. In particular, MD
simulations show that the ligand binding mode suggested by the
crystal structures of both engineered receptors remains basically
unchanged throughout the simulation time.

The average rmsd of the binding pockets with respect to the
crystal structures is smaller than 1.2 A for both receptors. This
relative rigidity of the active site is achieved via a stable network of
hydrogen bond interactions (residues Asp(3.32), Asn(7.39), and
Ser(5.42)) as well as through a number of hydrophobic contacts.

The distinctly different orientation of Asn(6.55) in the two
receptors, induced by the interaction arising from the substitution
of a tyrosine into a phenylalanine, is extremely conserved along
the dynamics and might play a decisive role for 5 adrenergic
receptor specificity.

All of the previously proposed characteristics of the inactive
form of such receptors are observed in the simulations. In
particular, the MD simulations reconfirm that the most stable
conformation of inactive adrenergic receptors under pseudo in
vivo conditions involves formation of a salt bridge between the
cytoplasmatic moieties of TM3 and TM6.

Our results suggest that both crystal structures are a
viable starting point for further computational studies such as
in silico docking or MD investigations of the mechanisms of
agonist binding or receptor activation. However, it must be
pointed out that getting an atomistic comprehension of the
function of such receptors via MD simulations is all but
straightforward, due to the long simulation time required
and the need for a careful and extensive equilibration.
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