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Abstract We studied the activation of f;-adrenergic receptor(f,AR) by norepinephrine, epinephrine and isoprote-
renol using docking and molecular dynamics(MD) simulation. The simulation was done on the assumption that f,AR

was surrounded with explicit water and infinite lipid bilayer membrane at body temperature. So the result should be
close to that under the physiological conditions. We calculated the structure of binding sites in f,AR for the three ac-
tivators. We also simulated the change of the conformation of f,AR in the transmembrane regions(TMs), in the mo-
lecular switches, and in the conserved DRY (Aspartic acid, Arginine and Tyrosine) motif. This study provides detailed

information concerning the structure of f,AR during activation process.
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1 Introduction

fr-Adrenergic receptor(f,AR) is one of the most tho-
roughly investigated G protein coupled receptors(GPCRs)!"%,
which plays crucial roles in the regulation of cardiovascular
functions. f,AR can be activated by catecholamines, such as
epinephrine(EPI), norepinephrine(NE), and isoproterenol
(ISO)?). Fluorescence studies with purified human B,AR
revealed that different agonists could stabilize S,AR with
different conformations'®. As for EPI, NE, and ISO, they may
stabilize kinetically distinct active conformational states!®’.

For years, experimental researchers have focused their
studies on the effect of ligands on f,AR activationl*" of
U191 made great contribu-

tions in this aspect. The studies of GPCRs in depth require their

which Kobilka and his co-workers

exact three-dimensional structures, but they are very difficult to
obtain despite of many efforts!'?]. Before the successful crystal-
lization of the human $,AR, the application of structure-based
drug discovery to GPCRs has largely been limited to the use of
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[r-Adrenergic receptor(f,AR); G Protein coupled receptor(GPCR); Molecular dynamics; Agonist; Activa-

rhodopsin-based homology models!'*). The crystal structure of
human B,AR was firstly obtained in 2007!'*'5] namely, after
seven years of the settlement of the first crystal structure of
GPCRs-rhodopsint'®. As an important milestone, the disco-
very of human £,AR structure made it possible to investigate
the specific function of S,AR at atomic level'”. During the
recent years, many researchers have used computational me-
thods to study the ligands binding and 8,AR activation!'®—22,
In these theoretical studies, people set up a membrane bilayer
dynamics(MD)
simulation to explore the different conformational changes of

P-AR. However, the multistep activation processes are still
[23,24]

environment and performed molecular

unclear

We chose three f,AR full agonists: two endogenous
catecholamines—NE and EPI, and a prototypical synthetic
agonist—ISO, to study the changes of the conformation of
P-AR in the activation processes and activation mechanism
(Fig.1). The MD simulation was used to explore the active

characteristics.
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Fig.1 Structures of three agonists
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2 Computational Details

2.1 Preparation of Ligands,
Docking

Receptor and

2.1.1 Preparation of Ligands

The structures of NE, EPI and ISO were fully optimized at
the level of 6-31G(d) by employing the Becke-3-parameter-
Lee-Yang-Parr(B3LYP) hybrid density functional theory with
Gaussian 03 package!”. Considering the actual physiological
conditions, we used the protonated structures of these ligands.
2.1.2  Preparation of Receptor

The crystal structure of the complex human f,AR con-
taining an inverse agonist(Carazolol) and T4-lysozyme was
downloaded from Protein DataBase(PDB ID code: 2RH1)!",
T4-lysozyme and crystallographic water molecules which were
not hydrogen-bonded with ,AR were deleted in the treatment
of receptor, and then the incomplete residues in AR were
repaired. No reconstruct was done for the third intracellular
loop(ICL3) of S,AR(the highly flexible 43 residues between
TMS5 and TM6), due to the lack of appropriate template to per-
form homology modeling®—*]. In addition, the removal of
ICL3 in experiment did not appear to affect the function of
B ARP

All the histidine residues and R131 in S,AR were
protonated, other residues were in their default ionization
statest'>?>%% These changes of ionization states were carried
out by the Gromacs software. Then, the prepared structure was
energy minimized before docking.
2.1.3  Parameter Setting for Docking

Docking was performed via the program AutoDock
40P with a rapid energy evaluation, in which the affinity
potentials of grids were precalculated with a variety of search
algorithms to find the suitable binding positions. We kept f,AR
as rigid and set all the torsional bonds of the ligands to rotate
freely. A grid of 72x72x72 points was generated with a grid
spacing of 0.0375 nm around the binding site, indicating a vo-
lume space of 19.68 nm®. We performed fifty runs of indepen-
dent docking for each ligand. The binding mode with the high-
est binding energy in the largest cluster was chosen for the
following MD simulation.

2.2 Dynamics Simulations

2.2.1 Building Model

The structures of complexes of NE-5,AR, EPI-5,AR and
ISO-$,AR, which were obtained from docking, were embed-
ded in the center of a square periodic lipid bilayer consisting of
280 dioleoyl phosphatidyl choline(DOPC) molecules. We de-
leted the overlapped DOPC molecules and at last kept 188 lipid
molecules in the lipid bilayer. The resulting systems were sol-
vated with ca. 21000 simple point charge(SPC) water mole-
cules and then neutralized by counter ions at random positions.
This generated a system of ca. 73600 atoms.
2.2.2  Gromacs Dynamics Setup

Molecular dynamics simulation was carried out by means

of Gromacs V4.0.4 with the Gromos 96 force field?.
PRODRG 2.5 Server® was used to parameterize the ligands.
Each complex was energy minimized for 1000 steps of steepest
descents, followed by a 200 ps NVT(constant number of par-
ticles, volume and temperature) equilibration phase and 500 ps
position restraining NPT(constant number of particles, pressure
and temperature) phase to equilibrate the system. After the
initial equilibration, the restraints were removed, then, each
system was subjected to a 20 ns production run. We performed
15 ns MD simulation at 300 K for NE-$,AR system. We fol-
lowed the trajectory and carried out another 20 ns MD simula-
tion at 310 K(the body temperature of human being). After 3 ns,
the root mean square distance(RMSD) of NE-f,AR system was
inclined to stabilization, and thus we only performed 20 ns
simulation. The other two systems also achieved their stable
conformation after 20 ns MD simulation. In order to confirm
the accuracy of MD simulation, each system was computed
three times.

The Berendsen coupling was used to maintain a constant
temperature of 310 K and a constant isotopic pressure of 10° Pa.
Van der Waals interaction was modeled via Lennard-Jones 6-12
potentials with a 1.3 nm cut-off. Long-range electrostatic inte-
raction was calculated by virtue of the Particle Mesh Ewald
method with a cut-off of 1.2 nm. And the time step was 2 fs.
Analysis of the simulations was performed with Gromacs
packages. Molecular graphics images were generated by Chi-

mera program!>,

3 Results and Discussion

3.1 Docking

Literature of cell-based and biophysical studies!"* show
that the structurally diverse agonists induce distinct conforma-
tional states of GPCRs. We studied the binding sites of the
three agonists by docking(Fig.2). It can be seen that the three
agonists are almost overlapped because of the structural simi-
larity. The surrounding residues of the binding site of agonists
are D113, V114, N312, S207, Y316, F289 and T118. Because
the amine groups on agonists are protonated, all the agonists
locate in an electrostatically negative region. We have found

Fig.2 Top view of docking positions of NE, EPI
and ISO in ;AR

All the agonists in Fig.2 are colored by elements and shown in balls
and sticks. f,AR is shown in colored ribbons. The surrounding resi-
dues in the binding site are shown in sticks and C atoms are colored
by ribbon colors, other atoms are colored by element.
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that the main residues(except N293) are similar to those
obtained by Swaminath er all'”. But we can’t reconcile the
calculated binding sites of agonists with their result'”’. The
initial structure of docking was in its inactive state; while the
agonists closely bond to the active structure. We also calculated
the binding energies of NE, EPI, and ISO to be —35.82, —35.40,
and —30.50 kJ/mol, respectively. In the following experiments
we shall calculate the detailed binding site and binding mode of
agonists by MD simulation.

3.2 Molecular Dynamics Simulations

3.2.1 Structural Stability of Agonist-f,AR Systems
The root mean square distances(RMSDs) of agonist-#,AR
systems: RMSDs of EPI and ISO relative to f,AR are ca.
0.35—0.4 nm, and the RMSD of NE relative to 5,AR is close
0.7
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to 0.6 nm. The RMSD values of f,AR relative to itself are
0.25—0.3 nm for the RMSDs of EPI and ISO while 0.41 nm
for NE(Fig.3). We attribute the differences to the frameworks
of agonists: NE is the smallest molecule among the three
agonists, corresponding to the largest mobility in the binding
pocket.
3.2.2 Binding Sites of Agonists

Interaction of agonists with surrounding residues within
0.5 nm: starting from the docking conformations, we performed
20 ns MD simulation and obtained the stable binding sites of
the three agonists. For each system, the simulation was re-
peated three times and very similar trajectories were obtained.
Therefore, we used one typical trajectory for analyzing. The
conformations of MD simulation were averaged from the final
2 ns and energy-minimized via the Gromacs software.

(B)
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Fig.3 Drift of protein and ligands from the initial model and fluctuations of protein coordinate for NE-$,AR

system(A) and EPI-f,AR and ISO-f,AR systems(B)

RMSDs include the RMSDs of f,AR relative to itself and ligands to f,AR.

In the interaction of NE with S,AR[Fig.4(A)], three hy-
drogen bonds are formed between each of the catechol hydro-
xyl groups, amino group and each of residues N293, Y199,
N312(the hydrogen bonds are determinate by the FindHBond
command of the Chimera program). A salt bridge is founded
between D113 and the amino group of NE. Besides polar inte-
raction, residues F289, F290 and Y308 also form strong non-
polar interaction with the aryl of the catechol group, residue
Y308 and the catechol group form a strong face-to-face
n-stacking interaction at a distance of 0.31 nm.

EPI and ISO display very similar binding modes[Fig.4(B)
and (C)]. Residues S203 and S204 respectively form two hy-
drogen bonds with each of the catechol hydroxyl groups of EPI
and one catechol hydroxyl group of ISO, and the difference is
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that one hydroxyl of ISO and two hydroxyls of EPI form two
hydrogen bonds with S203 and S204. NE can form hydrogen
bond with residue N312, but EPI and ISO can not. We attribute
this to the steric hindrance of methyl group of EPI and i-propyl
group of ISO. Residue Y308 in NE-f,AR system shows a
strong nonpolar interaction with NE, while in the other systems
residue Y308 displays a strong polar interaction with EPI and
ISO. Other differences are also found. Residues Y199 and T195
in NE-5,AR system instead of residues S203 and S204 in
EPI-5,AR and ISO-$,AR systems directly interact with the
agonists, while residues S203 and S204 indirectly interact with
NE[Fig.4(A)].

Binding sites of agonists: all the agonists locate in the
binding pockets near extracellular region and the first and

S
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B
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Fig.4 Interaction of agonists with surrounding residues within 0.5 nm
(A) NE; (B) EPIL (C) ISO. The numbers close to dotted green lines represent the lengths(nm) of hydrogen bonds and salt bridges.
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second extracellular loops(ECL1 and ECL2, Fig.5). For conve-
niently comparing the three systems, the interaction residues in
the binding sites are listed in Table 1. We can see that the three
binding sites share many common residues: T110, D113, V114,

F289, F290, N293, Y308, and N312. Experimental studies had
proved that D113, F289, F290, and N293 were key residues for
constituting the binding pocket®??, and theoretical investiga-

[18.37] well.

tions agree with our studies

(B)

Fig.5 Binding sites of agonists for NE(A), EPI(B) and ISO(C)
The structures of f>AR are shown in iridescence ribbons. The surrounding residues that strongly interacted with agonists are shown in sticks. Agonists
are shown in balls and sticks with the carbon atoms in gold color and other atoms colored by atom type(nitrogen atoms in blue color, oxygen atoms in
red color and hydrogen atoms in white color, carbon atoms of protein in gray color). All the conformations of ;AR are the average structures from

the final 2 ns of MD simulation.

Table 1 Interaction residues in the binding cavities of three agonist-f,AR systems*

Ligand Directly interactive residues with ligand
NE w109 T110 D113 Vii4 F193 T195 F289 F290 N293 Y308 N312
EPI w109 T110 D113 Vii4 FI193 S203 S204 F289 F290 N293 Y308 N312
ISO T110 D113 Vii4 T195 S203 S204 F289 F290 N293 Y308 N312

* The residues in italics form nonpolar interaction with 5,AR, while the other residues form polar interaction with f,AR.

Residues S203 and S204 are in the binding sites of EPI
and ISO, and they respectively form strong polar interaction
with EPI and ISO. This result agrees with the experimental
data! well. But in the binding site of NE, the distances be-
tween S203, S204 and NE are more than 0.5 nm and weak in-
teractions are formed between them assisted by surrounding
water molecules. We refer these differences to the small
framework and large mobility of NE. Thus, there is no substi-
tuent in the amino group of NE and it can move to the top part
of its binding pocket to form strong interaction with T195,
Y199, and Y308.

3.2.3 Conformational Changes in Transmembrane

Regions
MD simulation may provide useful information about the
(A)

conformational changes in NE-$,AR system[Fig.6(A)]. The
RMSD value between these two conformations is 0.34 nm.
Transmembrane regions(TMs) 2—7 show noticeable move-
ment both in vertical and horizontal directions. In general, TMs
2,4, and 5 move to the top part and TMs 3, 6 and 7 move to the
bottom part of the protein. All the TMs are prone to closing to
cach other, and the binding cavity is dwindled. TM1 also shows
obvious change, but it is situated at the terminal of protein
chain, which always move during simulation. Therefore, its
motion can not reflect the real situation of protein. Besides, the
position of NE shifts to the upper part of the binding site. The

loop regions also show great changes, but in MD simulation,
the movements of the loop regions are usually mussy.

Fig.6 Superposition of structures before and after MD simulation
(A) NE-4,AR; (B) EPI-5,AR; (C) ISO-5,AR. Blue sticks represent the original structures of TMs(before MD simulation), and magenta sticks
represent the final structures of TMs after simulation; the loop regions are in cyan and brown lines, respectively.

Conformational changes are also found in the other two
systems[Fig.6(B) and(C)]. In EPI-5,AR, TMs 2 and 5 move to
the top part of the protein, and other TMs move to the bottom
part. In the ISO-$,AR system, TMs 2 and 3 show a down

movement, and other TMs display upwards movement. The
horizontal movement of TMs makes the binding cavities of EPI
and ISO decreased. Actually, the motion of TM3 and TM6 was
demonstrated by experimental studies'®. These conformational
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changes esepcially the motion of TM6 indicate an important
element of the active state of S,ARP®).

For comparing, we calculated the volumes of binding
cavities. Firstly, we should identify the binding cavities; then,
we measured the volume of the binding cavities, and all these
operations were achieved by ‘Measure Volume and Area’
command of the Chimera program™. The initial volume of the
binding cavity of the crystal structure was 0.2684 nm’. But
after binding with NE, EPI and ISO, the volumes decreased to
0.1595, 0.1623 and 0.1956 nm®, respectively. These decreases
of binding cavity derived from the movement of TMs. NE and
EPI have very similar structures, while ISO has a larger steric
hindrance than NE and EPI, thus the binding cavity for ISO is
much bigger than those for others. The movement in TMs de-
rived from the induction of agonists, and different agonists may
activate distinct processes from inactive states to active states.
Though these three agonists are all catecholamine, and they
have little difference in structure, their detailed conformational
changes are different. It should be pointed out that this conclu-
sion was not come from a single MD trajectory, but repeated
results.

3.2.4 Water Molecules in Binding Sites

Water molecules participated in the activation process of
MHARM. We  performed MD  simulation to investigate
jtt!8=2139401  Some water molecules gradually enter into the
binding pocket, and form stable hydrogen bonds with agonist
molecules and residues after 20 ns of simulation(Fig.7). In
NE-4,AR system[Fig.7(A)], six water molecules strongly inte-
ract with agonist and residues via hydrogen bonds with lengths
of 0.17—0.22 nm. These water molecules connect residues
Y199, F193 and NE, and form hydrogen bond network among
the amino group and the alkyl hydroxyl group of NE and resi-
due D113.

In EPI-$,AR system[Fig.7(B)], four water molecules exist
steadily in the binding site and form hydrogen bonds with T110,
N312 and EPI, with bond lengths of 0.18—0.23 nm. Because
the catechol group of EPI has already formed direct interaction
with S203 and S204, no water molecules exist between the
catechol group and each of residues S203, S204. But another
hydrogen bond is formed between one hydroxyl of the catechol
group and a water molecule.

KA T
308 ;1;_}“-"--(
» '8 Jon L

Fig.7 Hydrogen bond networks of water molecules, agonists and surrounding residues
(A) NE-$,AR system; (B) EPI-5,AR system; (C) ISO-4,AR system. For clarity, agonists are in ball and sticks, water molecules in sticks, and sur-
rounding residues in lines. The structure of ;AR is shown in magenta ribbons; hydrogen atoms, nitrogen atoms, carbon atoms and oxygen atoms

are in cyan, blue, gray and red color, respectively. The hydrogen bonds are clearly shown in black dotted lines.

There is no direct interaction between ISO and water mo-
lecule in ISO-$,AR system. All hydrogen bond networks are
formed between the surrounding residues and water molecules.
Although no direct interaction with ISO exists, water molecules
connected T195, N293, T110 and N312 by strong hydrogen
bonds with bond lengths of 0.17—0.19 nm. Data show that
water molecules enter into the binding sites and mediate the
conformational changes of the agonist, neighboring residues,
and distant residues.

3.2.5 Active Elements of Agonist-$2AR Systems

To gain the varying degrees from inactive state to active
state after MD simulation, intensive studies were performed to
the three agonist-$,AR systems. We examined the changes of
the important molecular switches and the conserved DRY mo-
tif.

Tonic lock: in GPCRs, there is an ionic lock between TM5
and TM6, and in §,AR, the ionic lock is between R131 and
E268. Experimental studies showed that ionic lock would be
broken in the active state of GPCRs®**!. As for ,AR, the

ionic lock between R131 and E268 is also broken under the
influence of agonists''). We found that all the ionic locks of
agonist-f,AR systems are broken which are different from
those of the crystal structure[Fig.8(C;)—(Cs)]. In inverse
agonist-5,AR systems, the ionic locks are very stable®, there-
fore, the agonists play important roles in the change of the ionic
lock.

Rotamer toggle switch: in the course of conformational
change, there is a rotamer toggle switch between W286 and
D79, as shown in Fig.8. In crystal structure, residues W286 and
D79 are inclined to form hydrogen bond, while in agonist-
PLAR systems, W286 and D79 change their direction and the
distance between them is increased. The changes of W286 and
D79 trigger the conformational change of TM6 and TM2. And
this is why W286 and D79 are called rotamer toggle switch.
From Fig.8(B;)—(B;), it can be seen that the heterocyclic of
W286 has a clockwise rotation by 15°—30°. These latter
results are in accordance with the experimental study™?. In
addition, D79 also changes its conformation to help the
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Fig.8 Rotamer toggle switches(D79—W286) and ionic locks(R131—E268) in the crystal structure(A) and

agonist-f,AR systems(B;—B;, C;—C3)

(By) and (C,) Belong to NE-$,AR; (B,) and (C,) belong to EPI-,AR; (Bs) and (Cs) belong to ISO-£,AR. For clearly displaying the conforma-
tion of rotamer toggle switches and ionic lock, only a few ribbon structures of f,AR are shown.

conformational change of TM6(Fig.6).

DRY motif of ,AR: in GPCRs, for example, rhodopsin[*”
and opsin!*®, the conserved E(D)RY regions and ionic lock are
very important. In the inactive state!) the E(D)RY motif
forms a more extended hydrogen-bonded network, i.e., ‘ionic
lock’. While in the active state™®®, the ionic lock is broken and
the rearranged cytoplasmic ends of TMS and TM6 are locked
by two new interactions. As for AR, the crystal structure is
basically in its inactive state!'™), and agonists could induce it to
the active states. In our agonist-$,AR systems, we have found
that the ionic locks between R131 and E268 are all broken.
When examined all the trajectories, we found that the DRY
motif has a rearranged interaction(Fig.9). It can be seen that
R131 changes its conformation to approach Y326 and Y219,
and these changes push the movement of TM6 and TM3. All
these conformation changes indicate that S,AR is near to its
active state when bonded with agonist.

Fig.9 Bottom-view of conformational changes
of DRY motif of 5,AR

The ribbons in blue color are the initial structure and the ribbons in
magenta color are the likely active structure caught from MD simula-
tion. Residues are colored by element except C atoms which are co-
lored by the ribbon color.

These changes in ionic lock, DRY motif and TMs proved
that these agonist-$,AR systems all come to its active states.
Though these agonists have some structural difference, and
these agonist-$,AR systems have different conformational
changes in binding sites, TMs or molecular switches, the results

are that the binding of agonists near to the extracellula regions
of AR induced the activation.

4 Conclusions

In this article, MD simulation, as an important method to
study the conformation changes of proteins™*!!, shows that dif-
ferent agonists induce distinct conformational changes of f,AR.
These conformational changes indicate that f,AR converted
from inactive state to active state. We conclude that agonists
contributed to the achievement of the active state by showing
the conformation of f,AR-agonists complexes in the binding
sites, TMs, molecular switches, and the conserved DRY motif.
We also catch the conformational transition of f,AR in these
three full agonist-$,AR systems by MD simulation. The possi-
ble activation characteristics and active elements are confirmed
by three agonist-f,AR systems.
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