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Abstract. - OBJECTIVE: G protein-coupled re-
ceptors (GPCRs) constitute the largest membrane
proteins superfamily. However, the interactions
between them and the coupled heterotrimeric G
proteins were little known. To get a deeper view
of how the receptor bound to the G protein, we
carried out the molecular dynamics’ simulations
of human Beta2 adrenoceptors (81 and 2) and G
protein (s and I) alpha subunit complexes by ho-
mology modeling.

MATERIALS AND METHODS: For homology
modeling, the program modeller 9.11 was used
with automodel module. Before dynamics simu-
lation, the homology models were prepared by
Protein Preparation Wizard module in Maestro
9.3. The Desmond program was used to perform
molecular minimization and molecular dynamics
simulation under OPLS-AIl atom 2005 force field
with default parameters.

RESULTS: The results offered us the mecha-
nism vividly in molecular level: (1) GPCR-G pro-
tein complex can be simulated without specific
nanobody; (2) the G protein activation ability of
GPCR can be explained by molecular dynamics
simulation.

CONCLUSIONS: It is suggested that we could
do molecular dynamics simulation of complex of
GPCR-G protein without bound nanobody. Sec-
ondly, the simulation time reduced greatly by us-
ing homology modeling to generate complex of
proteins. Thirdly, the molecular dynamics simu-
lation will help us to know or even predict further
protein-protein interactions.
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Introduction

The G protein-coupled receptors (GPCRs)
were the largest superfamily in membrane pro-
teins. They can be triggered by small hormones,
peptides, and even light and activate the cor-
responding G proteins. Then, the downstream
signaling cascades are turned on to exert their

functions. Therefore, GPCRs play a crucial role
as molecular switches and became one of the
important areas of drug discovery'. The GP-
CR superfamily was classified into five main
classes: rhodopsin, secretin, glutamate, adhesion,
and frizzled-taste-2'. Despite their significance in
physical activities and medical functions, little is
known about their structures due to the difficul-
ty in purification and crystallization of crystal
structures. Until recent times, little structures
belonging to the rhodopsin family and a crystal
structure belonging to Class F were solved®*.
Since most of these structures are crystalized in
receptor themselves, we cannot know the interac-
tion between them and G proteins. Fortunately, in
2011, Kobilka group solved the complex structure
of Beta2 (PB2)-adrenoceptor and its coupled Gs
protein, which is a milestone in GPCR structural
biology”'°. This structure gives us a long-awaited
knowledge about how GPCRs interact with Gs
protein. In the same year, Schertler solved the
structure of thodopsin and a short peptide of Gal-
pha protein', which also offers us a view of how
receptor couples with a peptide of GalphaCT2
protein'?. However, both crystal structures merely
provide us a rigid view. At the same time, due
to the complexity of crystallization, we cannot
get more complex structures in a short time.
To solve this problem, we used the homology
modeling method to generate models of  adre-
noceptors and their coupled G proteins. We did
this because the crystal structure of Betal and 2
adrenoceptor bound with agonist and antagonist
has been determined and the crystal structure of
Beta2 adrenoceptor gives us a vivid view of the
movement of the specific transmembrane alpha
helix5 and helix 6, we can use our molecular dy-
namics simulation to verify it and then elucidate
the mechanism at the atomic level.

So far, several papers'*!'* have been published
associated with molecular dynamics simulation
of an active state of Beta-adrenoceptor. However,
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they only provided the existed results which had
been elucidated by crystal structure or suggested
the reason why we always got the inactive crystal
structures which are not the active crystal struc-
tures even bound with agonist. Up to now, little
simulations had been published associated with
receptor-G protein interaction. Therefore, we
wanted to get a deeper view of how the receptor
bound to the G protein. Since all B adrenoceptors
are linked to Gs protein and 2 adrenoceptor link
to Gi protein, in this work, we have presented the
molecular dynamics simulation of complexes of
B1 adrenoceptor-Gs protein, 2 adrenoceptor-Gs
protein, and 2 adrenoceptor-Gi protein.

Materials and Methods

Homology Modeling
Section

The crystal structure of B2 adrenoceptor
and Gs protein complex (Protein Data Bank
identification (PDB ID): 3SN6’) was used as
a template. The amino acids sequences of Pl
adrenoceptor, B2 adrenoceptor, B3 adrenocep-
tor, Gs protein, and Gi protein came from Uni-
Prot database with ID number P08588, P07550,
P13945, QSJWEF2, and P63096, respectively. The
amino acids sequence of the crystal structure of
B2 adrenoceptor and Gs protein complex was
obtained by modeller 9.11"° alignment function.
Alignment of template and target protein was
performed by Cobalt server'® . For homology
modeling, the program modeller 9.11"* was used
with automodel module.

Molecular Dynamics
Simulation

Before dynamics simulation, homology mod-
els were prepared by the Protein Preparation
Wizard module in Maestro 9.3. All hydrogen
atoms were added and termini were capped.
After the hydrophobic helixes of the models
were coordinated with a POPC lipid bilayer, the
complex models were put into an orthorhombic
box with size 10.0Ax10.0Ax23.0A which was then
solvated with SPC water model and 0.15 M NaCl
ions. The program that" was used to perform
molecular minimization and molecular dynam-
ics simulation under OPLS-All-atom 2005 force
field*® with default parameters. For each complex
model, a 5 ns simulation in the NPT ensemble
was performed.

Results

Modeling the Active State of Beta
Adrenoceptor-Gs Complex

It is not feasible to make a simulation of GPCR
in a persistent active state by just modeling with
a crystalized structure in active state. This is
because agonist alone cannot stabilize the GPCR
in active state. In a long time, it was thought to
be impossible to crystalize GPCR in active state.
A canonical E/DRY domain forms an ionic lock
which makes the inactive GPCR stable?'. That’s
why we always got GPCRs in inactive state.
Fortunately, Kobilka invented a method to use
nanobody to stabilize active Beta2 Adrenoceptor.
So, to perform the simulations of the active state
structures of Beta Adrenoceptor in a persistent
long time, we used the camel-nanobody bound
Beta2 adrenoceptor structure together with a Gs
protein’ (PDBID: 3SN6) as a template to generate
structure by homology modeling method. The
nanobody can stabilize the active state of Beta
adrenoceptor but here in the homology models
we deleted it because we wanted to see models
moved in a natural state without artificial re-
straint. In the meantime, we thought we could
still also obtain the active Beta-adrenoceptor
because we kept the Alpha subunit of G protein
in the original place, which was inserted into
the intracellular cavity formed by outward TM5
and TM6. At the same time, we deleted the Beta
and Gamma subunit of G protein. This is due to
the fact that the crystal structure of Beta2 bound
to the Gs protein (PDB ID: 3SN6) did not give
us a view of the direct interaction between the
receptor and Beta subunit and Gamma subunit,
and the abbreviated models can greatly reduce the
molecular dynamics simulation time. After 5 ns’s
simulation, all the three models were equilibrated
and the Root Mean Square Deviation (RMSD)
plot of protein was shown in Figure 2A. 5 ns’s
simulation verified our previous speculation that
even without the camel-nanobody, the Beta2 Ad-
renoceptor could still keep in active state. The
simulation results were shown in Figure 2B. Due
to the existence of G-alpha subunit of G protein,
the TM5 and TM6 of receptors could not move
inward spontaneously. In Figure 2B, the cyan rib-
bon was the Betal Adrenoceptor after simulation
and the green ribbon was the C-terminal helix of
G-alpha subunit of Gs protein after simulation.
The yellow ribbon was an inactive crystal struc-
ture. Results showed that the distances between
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active C-alpha of GIn254 in TMS5 and Thr291in
TM6, and inactive structures were 5.9 angstrom
and 6.2 angstrom. The existence of C-terminal
helix of G-alpha subunit of Gs protein obstruct-
ed the movement of these two transmembrane
helixes.

Comparison of Beta
Adrenoceptor-G Protein
Interactions

To investigate the interactions of Beta Adre-
noceptors and G proteins, we studied the complex
models after molecular dynamics simulation. Re-
sults showed that they were in a canonical con-
formation revealed by the crystal structure of
Beta2 adrenoceptor-Gs protein (PDB ID: 3SN6)
but in some partial regions the residues generat-
ed different contacts, which affected the natural
activity (Figure 2C).

Why Beta2 Adrenoceptor can activate Gi
while Betal Adrenoceptor cannot? We therefore
studied the extra residue contacts between Beta2

Adrenoceptor and Gi protein. After a careful
research, it was found that Prol38 of Gi protein
formed hydrophobic interactions with I1e344 of
Beta2-AR and Lys232 of Gi protein generated an
ionic interaction with Asp 337 of Beta2-AR. The
RMSD plot of these two contacts was shown in
Figure 3A. The figure showed that the contacts
were stable during molecular dynamics simu-
lation. However, the corresponding residues in
Betal Adrenoceptor after amino acids alignment
were GIn384 and Asn465 with which the former
contacts could not be generated. This result sug-
gested a possible reason why Gi is selectively
activated by Beta2 Adrenoceptor.

It has also been found that the Betal adreno-
ceptor and Beta2 adrenoceptor had equal ability to
activate Gs protein. We also studied the residues
differences. To activate Gs, both of them showed
nearly identical interactions. But there are two main
differences (Figure 3B). The main differences were
that Lys252 of Betal-AR but Arg228 of Beta2-AR
generated ionic interaction with Glu78, respectively.

Figure 1. Orthostatic view of the simulated Beta2-Adrenoceptor and Galpha Subunit of Gs protein alpha subunit.
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Figure 2. The three models were equilibrated after 5 ns. A, RMSD plot of the three models. B, Alignment of Beta2 adrenoceptor
in inactive state (PDB ID: 2RHI1) and models after molecular dynamic simulation. C, Comparisons of receptor-G protein bind-
ings. Yellow ribbon: Betal adrenoceptor; White ribbon: Beta2 adrenoceptor; Green ribbon: C-terminal helix of Gs protein alpha

subunit; Cyan ribbon: C-terminal helix of Gi protein alpha subunit.

Argl65 of Betal-AR but Lys140 of Beta2-AR gen-
erated ionic interaction with Aspl33, respectively.
These two contacts may neutralize the binding
energy of these two proteins.

Structural Basis of Sodium lon Binding

Liu et al*> published a crystal structure of
A2a adenosine receptor bound with a sodium ion
which showed that the existence of sodium ion
can block the entrance of agonist. They suggest-
ed that the agonist binding and the presence of
sodium ion is exclusive. Herein, since the models
we built were absent of agonist, we wanted to
see whether the sodium can enter and extracellu-
lar binding pocket. Beyond our expectation, the
sodium ion entered the binding pocket in just 5
ps and stabilized there, even when the molecular
dynamics simulation finished (Figure 3C). This
was the first modeling theoretical evidence that
verified the sodium ion’s importance in G-protein
coupled receptors.

Conclusions

In this investigation, we performed molec-
ular dynamics simulation of the complexes of
Beta Adrenoceptors and G proteins. The results
suggested that even without the camel-nano-
body, the complex could still be stable to
elucidate the interactions between GPCRs and
g proteins, which told us that we could do the
molecular dynamics simulation of a complex
of a GPCR-G protein without nanobody bound.
Then, molecular dynamics indicated the mech-
anism of protein-protein interaction, especially
without the crystal structures bound together.
Due to the fact that we may use homology
modeling to generate complex of proteins, the
simulation’s time can be reduced greatly. Last-
ly, the molecular dynamics simulation here has
revealed how this structure affects the activity,
which will help us know or even predict further
protein-protein interactions.
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Figure 3. Different interactions of Beta-Adrenoceptor and G protein. A, RMSD plot of distances of ionic interaction between
D337 of Gi and K232 of Beta2-AR, and hydrophobic interaction between 1344 of Gi and P138 of Beta2-AR. B, Different inter-
actions of Beta-Adrenoceptor and G protein. Green ribbon: Interactions of Betal Adrenoceptor and Gs protein. Cyan ribbon:
Interactions of Beta2 Adrenoceptor and Gs protein. C, Beta2-Gs complex. The sodium ion was shown in purple sphere.
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