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Abstract The aim of this study was to perform an in silico
analysis of the interaction of the human (3, adrenergic
receptor with Go. In a first step, a systematic surface-
interaction-scan between the inactive or active human 3,
adrenergic receptor and Gog was performed in order to
gain knowledge about energetically preferred areas on the
potential energy surface. Subsequently, two energetically
favored regions for the active human (3, adrenergic
receptor-G o, complex were identified. Two representative
complex structures were put into a POPC (1-palmitoyl-2-
oleoyl-phosphatidylcholine) bilayer and solvated in order
to perform molecular dynamic simulations. The simula-
tions revealed that both conformations, which have
comparable potential energy, are stable. A mean number
of about 14 hydrogen bonds was observed between the
active receptor and Go for both conformations. Based on
these results, two energetically favored (3,—Goscomplexes
can be proposed.

Keywords Adrenergic 3, receptor- G subunit - Receptor-
G-protein interaction - Energy surface scan - Molecular
dynamics

Introduction

G-protein-coupled receptors (GPCRs) are important targets
for several drugs [1]. They consist of seven transmembrane
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(TM) domains, connected by intra- and extracellular
loops, and couple intracellular proteins to G proteins,
which consist of Ga, G and Gy subunits [2, 3]. These
heterotrimeric G proteins act as switches on a molecular
level, turning on intracellular signal cascades, induced
by activation of the corresponding GPCR [4, 5]. The «
subunit (Go) is able to switch between its inactive GDP
(guanosindiphosphate)-bound conformation and its active
GTP (guanosintriphosphate)-bound conformation. Recent
crystallographic studies have given insight into the
structure of both GPCRs and G proteins [6—11]. But still
no crystal structure of a complete GPCR-G protein
complex is available. However, some experimental studies
have provided hints as to the interactions between GPCR
and the G, of the G protein [12].

Two opposite models regarding GPCR-G protein cou-
pling have been proposed. One model—the “collision
coupling” model—suggests that G-proteins interact only
with receptors in the active state [13]. In contrast, the
second model suggests that G proteins are able to interact
with the GPCR before the GPCR has been activated by
an agonist. This means that the GPCR and G protein are
pre-coupled. Several studies have provided evidence
supporting the pre-coupled model [14-16]. Experimental
studies identified regions of GPCR and G-protein that
interact with each other. It is thought that, during
activation of GPCR, a pocket in the intracellular part
of the receptor is opened, which interacts with the C-
terminus of Gog [12, 17]. Further mutagenesis studies
identified amino acids of the a4—36 [18-23] and «3—p35
[24] loops as being involved in interaction with the GPCR.
Additionally, it was shown that the N-terminus of Go
interacts with GPCRs [20, 25-28]. Thus, experimental
studies have provided information about receptor-G-
protein interaction sites. However, all experimentally
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detected receptor-G-protein interactions cannot be
explained by a single model [29]. Thus, it is suggested
that receptor dimers may play a role, or that sequential
interactions between receptor and G-protein take place
[30, 31].

Until now, only a few in silico studies have been
performed to gain insight into possible interactions between
G-proteins and their receptors [32-37]. The aim of this
study was to perform an in silico simulation of the
interaction between the human adrenergic (3, receptor
(h3,R) with the Go,-subunit. First, a systematic scan of
the potential energy surface between inactive or active
hp3,R and G, was performed. Subsequent analysis of
the surface scan showed that a large number of
conformations of pre-coupled inactive hp3;,R-Ga; com-
plexes are localized on the same energetic level. In
contrast, for the active h3,R—Gog complex, two confor-
mations are energetically favored. To gain detailed
information about distinct interactions between hf{3,R
and Gag, an inactive hf3,R—-Goag complex and the two
favored active hf3,R—-Ga, complexes were embedded in
their natural surroundings, including lipid bilayer and
water. Subsequently, molecular dynamic simulations were
performed.

hp.R

[-==-=--- N-terminus---------- |

Methods
Modeling of the inactive and active conformation of h3,R

For modeling the inactive conformation of the hf(,R
(Fig. 1), we used the corresponding crystal structure
(2RH1.pdb) [7-9]. Based on the crystal structure of
the active state of opsin, coupled to 11 amino acids of
the C-terminus of G (3DQB.pdb) [12], a model of the
active state hf3,R was generated by homology modeling.
This homology modeling was performed using the
software SYBYL 7.0 (Tripos; http://www.tripos.com/).
The alignment between h3,R and opsin is based on the
highly conserved amino acids of each TM domain as
described [38]. Loops exhibiting different lengths be-
tween hp3,R and opsin were modeled using the loop
search module of SYBYL 7.0. Since the E2 loop of
the hp,R is significantly different from the E2 loop
conformation of opsin, as confirmed by the corresponding
crystal structures of the inactive hf3,R and opsin, the E2
loop from 2RH1.pdb was adopted. Since the crystal
structure supplies no information about the conformation
of the I3 loop or C-terminus, both were not fully
included into the model. We did not model amino acids
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Fig. 1 Amino acid sequences of the human (3, adrenergic receptor
(hpoR) and human G protein « subunit (Gog). In hP,R, highly
conserved amino acids (according to [38]) are given in bold. All amino
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232-262 of the I3-loop (Fig. 1); instead, we closed the
I3-loop by connecting amino acids 231 and 263 with six
alanines. The C-terminus was modeled up to amino acid
346 (Fig. 1).

Construction of G, in the GDP-bound state

Since no crystal structure of the GDP-bound state of
G, is available, a model of the GDP-bound state of G
was constructed by comparative homology modeling,
using the heterotrimeric GDP-bound state of Goy;
(1GP2.pdb) [39] as template. Modeling was performed
as described previously [32].

Construction of Gy in the GTP-bound state

The crystal structure of Gog (1AZT.pdb) [40] with GTPyS
bound was used to model G (Fig. 1) in the GTP-bound
state. Since there is no complete N-terminus in 1AZT.pdb,
1AZT.pdb was aligned to 1GG2.pdb [41] and the N-
terminus of 1GG2.pdb was transferred to 1AZT.pdb.
Additionally, the missing amino acids in the C-terminus
were added in a helical conformation. Furthermore, the
missing amino acids 91-112 were adopted from 1GG2.pdb.
Amino acids were mutated into the corresponding amino
acid of hGoag where appropriate.

Construction and surface scan of the inactive and active
hB3,R-Gog-complexes

An in-house surface-scan routine was used to dock Go
to h3,R. Therefore, a starting structure was needed. This
was generated by manual positioning of Ga, below the
intracellular part of inactive or active hf3,R. In the next
step, a surface-scan of the contact surface between the
intracellular part of h3,R and Gxg was performed using
the in-house surface-scan routine: the position of hf3,R
was fixed and only Gog was translated in the x-, y- and
z-directions and rotated about the x-, y- and z axes
systematically, always using the described starting
structure as a starting point (Fig. 2). The surface scan
was performed for inactive and active hf,R-Gos-
complexes. Nine points with an increment of 0.25 nm
were used to scan in the x- and y-direction, respectively.
In the z-direction, 17 points with an increment of
0.125 nm were established. For rotation about the z-
axis, 12 points with an angle increment of 30 degrees
were used; for rotation about the x- and y-axis, 5 points
with an increment of 15 degrees were used. Thus, within
this scan, about 400,000 structures were generated. After
analyzing these results with regard to potential energy of
the active hp,R-Ga,—complex, two distinct regions
hinting at local minima were identified. In order to

Fig. 2 Axis system for the h3,R—Gog complex

localize the two minima more exactly, a refined scan
was performed in these two regions, using 9 points with
an increment of 0.05 nm in the x-, y- and z-direction,
respectively. Rotation about the z-axis was refined by 7
points with an increment of 10 degrees. Rotation
about the x- and y-axis was refined by 5 points with
an increment of 7.5 degrees. Thus, for both refined
scans, about 125,000 structures were calculated. To sum
up, more than 650,000 structures for the active h3,R—
G, complex were calculated. The surface scan did not
reveal significant minima for the inactive hf,R-Go
complex, thus a refined scan was not performed. After
each structure generation, the resulting h3,R—Go; complex
was completely energy minimized with Gromacs [42],
using the ffG53A6 force field [43] for the protein. Energy
minimization, using the steepest decent method, was
performed for a maximum of 10,000 steps, or until a
maximum force smaller than 100 kJ mol ' nm ' was
achieved. The distances for coulomb cutoff and Lennard-
Jones cutoff were set to 1.4 nm. Thereby, all sites were
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allowed to be minimized, i.e., no position constraints were
set.

Molecular dynamics simulations of the h3,R—Go; complex
in natural surroundings

To gain detailed insight into the interactions between
inactive hf3,R and the GDP-bound state of Gu,, the
complex with lowest potential energy was embedded in a
POPC (1-palmitoyl-2-oleoyl-phosphatidylcholine) bilayer
(10 nmx 10 nm) containing 218 POPC molecules. Subse-
quently, the whole simulation box (10 nmx 10 nmx 12 nm)
was filled with 30,555 spc (single point charge) water [44]
molecules. The resulting system, containing about

Fig. 3 Calculated potential en- a
ergy surfaces between hf3,R and
G a Inactive h3,R and Gog; z
variation of the distance be-
tween hf3,R and Gag; v rotation
of Gy around the z axis. b
Inactive h3,R and translation of
Ga in the xy-plane at distinct z,
«, f and y. ¢ Active h3,R and
G, z variation of the distance
between hf3,R and Ga; v rota-
tion of G around the z axis. d
Active hf3,R and translation of
G in the xy-plane at distinct z,
«, 3 and y. e z variation of the
distance between hf3,R and c
Gag; 7y rotation of Goyg around
the z axis; distinct X, y, & and f3;
red areas with the active-h3,R—
Go, complex being energetically
preferred; blue areas with the
inactive-h3,R—Gox, complex
being energetically preferred. f
Potential energy for the inactive-
hB,R-Goy (blue) and active-
hB,R—Goy (red) complex,
according to model I and active
hB,R-Go (grey) complex,
according to model 1II, in
dependence of variation of
distance z between receptor

and Go-subunit
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110,000 sites, was energetically minimized (maximum
10,000 steps, or until a maximum force smaller than
100 kJ mol™' nm™' was achieved; the distances for
coulomb cutoff and Lennard-Jones cutoff were set to
1.4 nm; all sites were allowed to be minimized; no
position constraints were set) and then used as a starting
structure for the molecular dynamics (MD) simulation.
The same steps were performed for the two energetically
favored active hf,R—Goag complexes with completely
different conformations. All MD simulations were per-
formed with Gromacs [42]. For all simulations, rectangu-
lar periodic boundary conditions were used. The particle
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the electrostatic interactions. The distances for coulomb
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cutoff and Lennard-Jones cutoff were set to 1.4 nm. The
dielectric constant was set to 1. For all simulations, a
timestep of 2 fs was used. The list of non-bonded atoms
pair list was updated every 10 fs. The simulation
temperature was 310 K and the pressure 1 bar. In the
equilibration phase, berendsen temperature (time constant
0.1 ps) and pressure (time constant 0.5 ps) coupling were
used [46]. In the subsequent productive phase, the Nose-
Hoover thermostat [47, 48] was used for temperature (time
constant 1 ps) and the Parinello-Rahman barostat (time
constant 1 ps) [49] for pressure coupling. A 2,550-ps
equilibration phase with position constraints onto back-
bone (bb) and sidechain (sc) atoms of the hf3,R and Go
was performed. Therefore, the simulation was divided into
12 cycles with the following position constraints in
kJ/(mol nmz): cycle 1: 500 ps, bb 5,000, sc 5,000; cycle
2:250 ps, bb 5,000, sc 4,000; cycle 3: 250 ps, bb 4,000, sc
3,000; cycle 4: 250 ps, bb 3,000, sc 2,000; cycle 5: 150 ps,
bb 2,000, sc 1,000; cycle 6: 150 ps, bb 1,000, sc 800;
cycle 7: 150 ps, bb 800, sc 600; cycle 8: 150 ps, bb 600, sc
400; cycle 9: 150 ps, bb 400, sc 200; cycle 10: 150 ps, bb
200, sc 100; cycle 11: 150 ps, bb 100, sc 0; cycle 12:
250 ps, bb 0, sc 0. After the 2,550 ps equilibration phase, a
2,500 ps productive phase without any position constraints
was performed.

Results and discussion
Surface scan of the inactive and active h3,R—Go; complex

The results of the potential energy surface scan are
presented in Fig. 3. The section of the energy surface with
variation of the distance, z, between the inactive h3,R and
Gua, and also the rotation of G, around the z axis (Fig. 3a)
shows a wide plain with rather small potential energy for a
distance z>0.6 nm of the Gag C-terminus with respect to
the reference position. An increasing distance z leads to a
decrease in potential energy. In contrast, for a decrease in z,
a significant increase in potential energy was observed.
This increase in potential energy can be explained by the
fact that there is not enough space between the intracellular
parts of the TM domains of the inactive hf3,R. Conse-
quently, the C-terminus of G cannot penetrate between
the helices of the receptor. For z=0.075 nm, the potential
energy as function of translation of the Goy in x- and y-
direction is given (Fig. 3b). Here, the potential energy is a
wide plain, with a significant increase at only some
positions. This result can be explained by the fact that the
Go, shows only a slight contact to the inactive hf3;R,
without penetration of the C-terminus between the TM
domains at the given z. Thus, Gas can move on the
intracellular receptor surface without steric collision. The

potential energy surface of the active h3,R and Gog, with a
variation of the distance z between receptor and Go and a
rotation of Gy around the z axis was significantly different
to that of the inactive h3,R (Fig. 3c). Minima in potential
energy were found for z<0.5 nm, especially for values of z
between 0.0 nm and 0.25 nm. For distances z in this range,
only a slight rotation of the G around the z axis, without a
large increase in potential energy, was possible. This
minimum is defined as model I (Fig. 4). In this model,
the N-terminus of Gog is located below TM II of the
receptor. The Gog subunit is located in the large space
between TM VI and TM VII of the receptor (Fig. 4). An
increase in the distance z>0.6 nm led to a slight increase in
potential energy, due to the fact that for a larger distance the
interaction energy between the active h3,R and the Go
was lost. For z from about 0.6 nm to 1.0 nm, a second local,
but energetically higher minimum area was identified for vy
ranged between 210°-240°. In this small area, a further
hB,R—Go, complex can be located, but due to the z being
from 0.6 nm to 1.0 nm, there was no penetration of the

model | model Il

C-Terminus

(TM Vi) 13 may
may interact interact
with Gpy with Gpy

Fig. 4 Two schematic models for preferred receptor—G-protein
interaction. Model I: the Gfy-interaction site of the Ga is located
between transmembrane (TM) domain VI and TM VII of the receptor.
In this model, a long C-terminus may interact with the Gy subunit
and thus stabilize the receptor—G-protein complex. Model II: the Gpy-
interaction site of the G is located between TM V and TM VL. Thus,
in this model, a long 12-loop may interact with the G3y subunit in
order to stabilize the receptor-G-protein-complex

@ Springer



1312

J Mol Model (2010) 16:1307-1318

Go-C-terminus between the TMs of the receptor, as
indicated by the crystal structure. But further investiga-
tions at vy, ranged between 210°-240° but with different
X, y, o and f3, identified another local minimum, with a
possible penetration depth of the C-terminus of Go of
around z=0 (corresponding section of the energy surface
not shown). This minimum is defined as model II (Fig. 4).
In model II, the N-terminus of Ga is located between TM
VI and TM VII of the receptor, and the G subunit is
located below TM V and TM VI of the receptor (Fig. 4). In
general, the potential surface scan can find two energet-
ically favored minima on the potential energy surface.

These correspond to two different binding models for the
active h3,R—Gog complex. For z=0.25 nm, the potential
energy with translation of G in the x- and y-direction is
shown (Fig. 3d). In contrast to the inactive complex, the
potential energy increased significantly with small trans-
lation steps in the x- or y-direction. This is in good
agreement with the fact that part of the Gag, C-terminus is
located in a small pocket between the TM domains of the
receptor. Thus, small translations lead to collisions with
the receptor. The regions—dependent on distance z and
rotation about the z axis—that are more stable for the
inactive h3,R-Ga (blue) and active h3,R—Goag complex
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Fig. 5 Hydrogen bond interactions between hf3,R and Goa,. a
Number of hydrogen bonds during the 2.5 ns productive phase of
MD simulation of the inactive hf3,R—Go; complex. b Number of
hydrogen bonds during the 2.5 ns productive phase of MD simulations
of the active hf3,R—Goag complex, according to model I. ¢ Distinct
hydrogen bond interactions between the active h3,R and G during
the 2.5 ns productive phase of MD, according to model I: / 63R—
264N, 2 63R-265D, 3 63R—415Q, 4 66T—417E, 5 68T-416Y, 6 68T—
417E, 7 69N—417E, 8 131R—417E, 9 131R—419L, 10 141Y-410R, 11
219Y-419L, 12 226A-414R, 13 229Q-406D, 14 229Q-410R, 15
229Q-414R, 16 237E-403D, 17 263K-311S, 18 263K-312V, 19
263K-385Y, 20 264F-385Y, 21 267K-385Y, 22 267K-414R, 23
267K-415Q, 24 270K-380G, 25 270K-381R, 26 273K-379D, 27
274T-417E, 28 328R-381R, 29 329S-38IR, 30 331D-308R, 3!
331D-309T, 32 331D-3101, 33 285D—415Q, 34 333R-417E, 35

@ Springer

335A-308R, 36 338E-305R, 37 338E-308R, 38 346S-304N. d
Number of hydrogen bonds during the 2.5 ns productive phase of MD
simulations of the active h3,R—Go, complex, according to model I1. e
Distinct hydrogen bond interactions between the active h3,R and Go
during the 2.5 ns productive phase of MD, according to model II: /
63R-409Q, 2 63R—412H, 3 63R—66E, 4 66T-414R, 5 68T-414R, 6
68T—418L, 7 69N—417E, 8§ 130D-381R, 9 131R-38IR, 10 134A—
381R, 11 1351-381R, 12 136T-379D, 13 137S-379D, 14 140K-376A,
15 141Y-302W, 16 141Y-379D, 17 141Y-380G, 18 141Y-382H,
19 143S-383Y, 20 1451-383Y, 21 145L-414R, 22 225E-308R, 23
226A-305R, 24 227K-305R, 25 229Q-303N, 26 229Q-305R, 27
229Q-308R, 28 263K-264N, 29 264F-305R, 30 267K-264N, 31
268E-305R, 32 332F-416Y, 33 333R—417E, 34 333R—419L, 35 336F—
416Y, 36 338E-56R, 37 346S-53G, 38 346S-56R
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(red), respectively, are given (Fig. 3e). The potential
energy for y=0 nm with variation of z is given (Fig. 31).
The inactive h3,R—Gag complex has, compared to the
active hp,R—Go complexes (model I and II), lower
potential energy for large values of z>0.85 nm. But for
values of z<0.75 nm, the potential energy of the active
hB,R-Ga; complex is smaller compared to the inactive
hB,R-Goag complex.

Hydrogen bond network between hf3;R and Go

To gain detailed insight into the hydrogen bond networking
(Fig. 5) between the inactive h3,R and Go on the one
hand, and the active hf3,R and Gog on the other, MD
simulations were performed. For the inactive hf3,R—Goy
complex only a small number of hydrogen bonds, ranging
between zero and seven, were observed. This corresponds

Table 1 Hydrogen bond inter-

actions between human 3, ad- Model I Model II

renergic receptor (hf3,R) and

human G protein « subunit Interaction sites h3,R—-Gog [%] Interaction sites h3,R—Go [%]

Gog). TM Transmembrane
1 63R (I11)-264N (2-p4) 0.2 63R (11)-409Q (x5) 10.3
2 63R (11)-265D (x2-p34) 83.9 63R (11)-412H («5) 82.3
3 63R (I11)415Q (C-term) 0.2 63R (I1)-66E (axN-1) 51.5
4 66T (I11)-417E (C-term) 0.1 66T (I1)—-414R (C-term) 0.2
5 68T (TMII)-416Y (C-term) 0.2 68T (TMID)-414R (C-term) 0.2
6 68T (TMII)-417E (C-term) 99.2 68T (TMII)-418L (C-term) 0.2
7 69N (TMII)-417E (C-term) 86.1 69N (TMII)-417E (C-term) 99.9
8 131R (TMII)—417E (C-term) 16.9 130D (TMII)-381R (x4-36) 0.2
9 131R (TMII)-419L (C-term) 14.4 131R (TMIII)-381R (a4-36) 0.1
10 141Y (I12)-410R (a5) 0.2 134A (TMII)-381R (x4-f36) 6.2
11 219Y (TMV)—419L (C-term) 0.4 1351 (TMII)-381R (x4-p36) 0.2
12 226A (I13)-414R (C-term) 0.2 136T (12)-379D (a4-36) 91.5
13 229Q (I3)-406D (x5) 0.5 137S (12)-379D (x4-36) 94.4
14 229Q (I3)-410R (a5) 9.7 140K (12)-376A (x4) 46.3
15 229Q (13)-414R (C-term) 33 141Y (12)-302W (a3) 1.3
16 237E (I3)-403D («5) 65.6 141Y (12)-379D (x4-36) 86.9
17 263K (I3)-311S (x3-B5) 57.7 141Y (12)-380G (x4-36) 0.2
18 263K (I3)-312V (x3-35) 0.2 141Y (12)-382H (x4-f36) 90.9
19 263K (I3)-385Y (36) 25 143S (12)-383Y (x4-36) 11.7
20 264F (13)-385Y (p36) 95.4 145L (I12)-383Y (x4-f36) 93.8
21 267K (I13)-385Y (36) 1.2 145L (12)-414R (C-term) 0.2
22 267K (I3)-414R (C-term) 0.2 225E (13)-308R (x3-p35) 86.3
23 267K (I13)-415Q (C-term) 0.1 226A (I3)-305R («3) 94.9
24 270K (TMVI)-380G (o4-36) 24 227K (I3)-305R («3) 0.1
25 270K (TMVI)-381R (x4-36) 0.1 229Q (I3)-303N («x3) 0.1
26 273K (TMVI)-379D (o4-36) 24.6 229Q (I3)-305R («3) 2.3
27 274T (TMVI)417E (C-term) 0.1 229Q (I3)-308R (3-p5) 27.6
28 328R (C-term)-381R (x4-36) 0.1 263K (I3)-264N (x2-$4) 10.9
29 329S (C-term)-381R (x4-[36) 3.0 264F (13)-305R («x3) 0.2
30 331D (C-term)-308R (x3-35) 65.1 267K (13)-264N (x2-34) 9.7
31 331D (C-term)-309T («x3-f35) 99.7 268E (TMVI)-305R («3) 67.2
32 331D (C-term)-310I (x3-f35) 60.6 332F (C-term)-416Y (C-term) 94.6
33 331D (C-term)-415Q (C-term) 98.8 333R (C-term)-417E (C-term) 96.0
34 333R (C-term)—417E (C-term) 53 333R (C-term)—419L (C-term) 0.1
35 335A (C-term)-308R («3-35) 0.1 336F (C-term)—416Y (C-term) 8.2
36 338E (C-term)-305R (o3) 67.0 338E (C-term)-56R (N-term) 0.2
37 338E (C-term)-308R («3-f35) 18.5 346S (C-term)-53G (N-term) 6.0
38 346S (C-term)-304N (oc3) 0.1 346S (C-term)-56R (N-term) 0.2
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to a mean number of about three hydrogen bonds (Fig. 5a).
In contrast, for the active h3,R—Go complex, according to
model I, during the 2.5 ns productive phase of the MD
simulation a mean number of about 12 hydrogen bonds was
detected (Fig. 5b). In general, these hydrogen bonds were
established by 38 different amino acid interactions between
the receptor and Gug (Fig. 5c). Additionally, the frequency
of hydrogen bond formation during the productive phase is
given in Table 1. As indicated (Table 1, Fig. 5c), for model
I, only about 11 distinct hydrogen bond interactions
between the receptor and Go, were observed during more
than 50% of the simulation, and only about 6 during more
than 80% of the simulation. For the active hf3,R-Go
complex, according to model II, a mean number of about
15 hydrogen bonds was detected during the 2.5 ns
productive phase of the simulation (Fig. 5d). These
hydrogen bonds were established by 38 different amino
acid interactions between the receptor and Gog (Fig. Se).
However, only about 13 distinct hydrogen bond interactions

between the receptor and Go, were observed during more
than 50% of the simulation, and about 11 during more than
80% of the simulation (Table 1, Fig. Se). Figure 6 presents
the hydrogen bond interactions between h{3,R and Gog
with a frequency of >50% for models I and II.

In general, it should be taken into account that the
productive phases of the MD simulations with 2.5 ns are
too short to observe large conformational changes between
the receptor and Go. One reason for the short simulation
time is the large size of the simulation box and computa-
tional capacity. On the other hand, large conformational
changes between the receptor and G-protein may be
expected for simulation times longer than 1,000 ns.
Nowadays, such high cost simulations are almost unrealiz-
able because of the long computation time. However, the
MD simulations in this study were performed in order to
gain information about the hydrogen bond network between
the receptor and G, taking into account the natural
surroundings, e.g., water and lipid bilayer, of the receptor—

Fig. 6 Scheme for interactions model |
between the receptor and G
subunit according to models I thR N-terminus Predicted interactions
and TI. Predicted interactions between hf,R - Ga,
between receptor and G sub- M - o2-p4
unit, based on the interactions TM Il — C-term.
detected for both energetically 13 — u3-f5
favored hf3,R-Goa, complexes, 13 - 6
are indicated (only those with 1" C-terminus 13- a5
more than 50 % hydrogen bond C-term. — a3
interaction during the productive Go, C-term. - a3-B5
phase between at least two 0244 a3-p5 C-term. — C-term.
amino acids are included)
N-terminus C-terminus
model Il
hﬁzR N-terminus Predicted interactions
between h,R — Ga,
1 -ab
1 = aN-p1
TM Il - C-term.
12 — ad-f6
1" C-terminus 13 —03
13 - a3-B5
qu TM VI-a3

aN-p1
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Go, complex. The surroundings are necessary to avoid gas
phase artifacts with regard to the hydrogen bond network in
the receptor—Go, complex. However, one should be aware
that both interaction models are based primarily on gas
phase scans of potential energy surface, and were refined
by MD simulations including natural surroundings. On the
other hand, it is important to gain more detailed insights
into the interactions between GPCR and G-proteins on a
molecular level. Thus, both models presented here may
represent a good starting point for further studies.

Two models for receptor—G-protein interaction

The above calculations suggest that two different h3,R—
Go, complexes are energetically favored (Fig. 4). In model
I (Fig. 4), the N-terminus of G is located below TM II of
the receptor. Thus, the front of the G subunit, interacting
with Gf3y, is located in the large space between TM VI and
TM VII of the receptor. Therefore, it can be suggested that
the long C-terminus of the receptor may be able to interact
with the Gy subunit, subsequently leading to stabilization
of the receptor—G-protein complex (Fig. 4). In contrast, in
model II (Fig. 4), the N-terminus of G is located between
TM VI and TM VII of the receptor. Consequently, the front
of the G subunit, interacting with G37y, is located below
TM V and TM VI of the receptor. This suggests that the
long I3 loop of the receptor can interact with the Gpy
subunit, again leading to stabilization of the receptor—G-
protein complex (Fig. 4).

An additional analysis of the number of amino acids in
the I3-loop or C-terminus of human aminergic GPCRs was
performed (Fig. 7). This analysis revealed that the I3 loop
of the Goy-coupling human aminergic GPCRs is signifi-
cantly shorter than the C-terminus. In contrast, the 13 loop
of the Gu;-coupling human aminergic GPCRs is signifi-
cantly longer than the C-terminus, whereas no significant
difference in the length of I3 and the C-terminus was found
for the Gag-coupling GPCRs. These data may indicate that
the preferred orientation (model I or II, Fig. 4) between
receptor and Ga-subunit is dependent on the length of the
[3-loop or C-terminus. Furthermore, it may speculated that
G, subunits interact with the receptor because of the
longer C-terminus according to model I, whereas, according
to model II, Gu; subunits couple to the corresponding
receptor because of the longer I13-loop.

Comparison with experimental results

Several experimental and theoretical studies have analyzed
the interactions between biogenic amine receptor and the
G subunit. However, these have suggested only a few
hints to distinct interactions between the receptor and Go.
Several experimental studies have suggested that the C-

150+ 13
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ﬁ 125+ ——
2
© 1004
°
£
£ 75+
i ==
S 50+
2 254

0 T T

Gasg Ga; Gag
Ga-subunit

150+ C-Terminus
& 1254
I
4] 100- o
_g — 1
£ 754
4] R
%5 50+
2 254 A1

0 T T

Gag Go; Gagq

Ga-subunit

Fig. 7 Mean number of amino acids in the I3-loop or C-terminus of
human aminergic G-protein-coupled receptors (GPCRs). The data are
divided into receptors preferentially interacting with G, Goy; or Goxg.
The data shown are mean + SEM

terminus [12, 17], x4—f36 loop [18-23], «3—f35 loop [24]
and also the N-terminus [20, 25-28] of G subunits are
relevant for the receptor—-Go interaction. Oldham and
Hamm [29] point out that experimental results give
information about a putative receptor—-Gx binding surface.
However, no single model can explain all the experimental
results. Thus, one hypothesis is that these identified regions
interact not simultaneously, but rather sequentially with the
receptor [30]. Instead, based on our results, we present an
alternative hypothesis, i.e., that there are two possible
interaction models (model I and model II, Fig. 4), but
which model is established is suggested to be dependent on
the length of the I3-loop or C-terminus. It can be
hypothesized that receptors with a long C-terminus interact
with G-proteins according to model I (Fig. 4), and receptors
with a long I3-loop follow model II (Fig. 4). It should be
emphasized that this is only a hypothesis, since the
conformation of long I3 loops or C-termini cannot be
modeled due to the lack of an adequate crystal structure.
However, the two-model hypothesis is based on geometri-
cal considerations of the orientation of the receptor and G
subunit with regard to each other. Further experimental and
in silico studies should be performed to check this
hypothesis. Additionally, it should be taken into account
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that knowledge of the receptor—G-protein interaction is
based on a large number of different receptors, interacting
with different G subunits. To verify our new, alternative
hypothesis, extensive and systematic mutagenesis studies
would have to be carried out with at least three receptor—G-
protein systems, coupling to Goy, Gag and Gog. The
adrenergic receptors would be very suitable, since the o
adrenergic receptors interact with Gog, the o, adrenergic
receptors with Go; and the (3 adrenergic receptors with
Go. A comparison of our simulation results with experi-
mental data shows in general good accordance. The
alignment of the activated $h,R in complex with the first
11 amino acids of Go with the corresponding crystal
structure of opsin (3DQB.pdb) revealed an root mean
square deviation of about 0.45 nm for the backbone atoms
for model I and 1.01 nm for model II. Taking into account
that our most favored structures are based on an energy-
surface scan, the deviation for model I is rather small. In
model II, the 11 amino acids of the C-terminus have a
different orientation to the corresponding amino acids of
3DQB.pdb. Experimental studies have shown that the (3;-
adrenergic receptor interacts preferentially with specific
isoforms of the Gf3 subunit [50]. Thus, both models, which
suggest a distinct interaction between the C-terminus
(model I, Fig. 4) of the 13-loop (model II, Fig. 4) of the
receptor and the Gf3 subunit, are in good agreement with
these experimental results. Furthermore, experimental data
suggest that even the I1-loop and C-terminus interact with
G-proteins [51]. Both interaction models described here
found an interaction between the I1-loop or C-terminus of
the receptor with the G-protein. This in silico result is in
good accordance with experimental results. Another exper-
imental study showed that a peptide corresponding to the
[3-loop of the o,-adrenergic receptor can be crosslinked
to the 60 C-terminal amino acids of the G3 subunit [26,
52]. On the one hand, this experimental result accords
well with model II (Fig. 4). On the other hand it agrees
with our hypothesis that the orientation between receptor
and G-protein is dependent on the length of the I3-loop
or C-terminus. Based on the hypothesis introduced here,
x,-adrenergic receptors possessing a long I3-loop are
suggested to interact with G-proteins according to model
IT (Fig. 4). Consequently, an interaction between the
13-loop and the Gf3 subunit is expected. Summing up, it
can be concluded that both receptor—G-protein interaction
models presented here are in good accordance with
experimental data. Although it has to be taken into
account that both models are based on a gas phase scan
of potential energy between the receptor and the Ga
subunit, both final in silico models for the hf3,R—Go,
complexes, taking into account the lipid bilayer and
solvent, may represent a good starting point for future
theoretical and experimental studies.

@ Springer

Conclusions

Based on the crystal structure of activated opsin in complex
with 11 amino acids of the G-C-terminus, two models of
the active hf3;R in complex with Gog in the GTP-bound
state were generated. The models, based on gas phase
energy-surface scans, were refined by MD simulations
including natural surroundings such as a POPC bilayer and
water. In general, the two favored active h3,R-Gog models
are in good accordance with several lines of experimental
data described in the literature. Thus, both models may give
detailed insight into the distinct interactions between h3,R
and Gog. In addition, it may be hypothesized that two
different interaction states between the receptor and G-
protein exist depending on the length of the 13-loop or C-
terminus. Furthermore, these models give very useful hints
with regard to future mutagenesis studies for further
experimental verification.
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