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Abstract In 2010, we predicted two models for the h3,R—
Go, complex by combining the technique of homology
modeling with a potential energy surface scan, since a
complete crystal structure of the h3,R—Go; complex was
not available. The crystal structure of opsin co-crystallized
with part of the C-terminus of Ga (3DQB) was used as a
template to model the hf3,R, whereas the crystal structure
of Ga (1AZT) was used as a template to model Go.
Utilizing a potential energy surface scan between h3,R and
Go,, a six-dimensional potential energy surface was
obtained. Two significant minimum regions were located
on this surface, and each was associated with a distinct
hp,R-Guxg complex, namely model I and model II [StraBBer
A, Wittmann H-J (2010) J Mol Model 16:1307—1318]. The
crystal structure of the h3,R—Go3y complex has recently
been published. Thus, the aim of the current study was, on
the one hand, to compare our predicted structures with the
true crystal structure, and on the other to discuss the
question: how valuable are predictions based on molecular
modeling studies?
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Introduction

G protein-coupled receptors (GPCRs) consist of seven
transmembrane (TM) domains that are located in a lipid
bilayer. The TM domains are connected by intra- and
extracellular loops. In the intracellular part, the GPCRs
couple to heterotrimeric G proteins, which consist of G,
Gf3, and Gy subunits [1, 2]. The binding of an agonist to a
GPCR results in a switch from an inactive into an active
conformation. In its active conformation, the GPCR is able
to interact with the G protein [3, 4].

Crystal structures of GPCRs such as the adrenergic 34,
adrenergic 3,, and adenosine A, as well as the crystal
structures of Ga3y units had been published as of 2010
[5-10], and the crystal structure of opsin co-crystallized
with 11 amino acids of the C-terminus of the Gx subunit
was published in 2008 [11]. However, as of 2010, the
crystal structure of the complete GPCR—Gox complex was
not yet available. Since detailed knowledge of the interac-
tion between GPCR and G protein is needed to understand
the functionality of GPCR at the molecular level, we used
molecular modeling techniques to predict the structure
of a complex between active h3,R and G [12]. Thus,
based on the crystal structure of opsin (3DQB) [11], an
active state model of hf3,R, and the crystal structure of
Gog (IAZT) [13], a model of Gog was generated, as
previously described [12]. Using both homology models
in combination with a potential energy surface scan, two
active h3,R—-Goxg models (models I and II, Fig. 1) were
predicted [12]. Recently, the crystal structure of the whole
hpB,R-Gaf3y complex (3SN6) was published [14]. Thus,
in this work, in order to determine the value of predictions
based on molecular modeling studies, we compare our
predicted models with the experimentally determined
crystal structure.
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Fig. 1 Comparison of predicted
model I with the corresponding
parts of the crystal structure
3SN6. Model I and model II for
the hf3,R—Goa, complex
(obtained in previous modeling
studies [12]). Alignment of
model I (orange) and the
corresponding part of the crystal
structure 3SN6 (green). The
largest differences were found in
relation to TM VI of h3,R and
the C-terminus of Go
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Results and discussion

Comparison of the predicted model with the crystal
structure

In our modeling studies, a model of h3,R obtained using
the crystal structure of opsin (3DQB) [11] as a template was
generated by homology modeling [12]. This model incor-
porated the E2 loop from the crystal structure of hf3,R
(2RHI1, [6-8]). Alignment of the backbones of the modeled
hp,R (model I, Fig. 1) [12] and h3,R from the crystal
structure (3SN6) results in an RMSD of about 2.4 A
(Fig. 1). The largest differences are observed in the
intracellular part of TM VI (Fig. 1). Compared to our
homology model, TM VI of the crystal structure 3SN6
exhibits greater outward movement (~8 A).

The crystal structure (3SN6) exhibited an unexpected
orientation of the Ga;AH domain [14]. Thus, when
calculating the RMSD between our Go, homology model
and the Gog of the crystal structure (3SN6), we did not
include the corresponding amino acids (K301-V415 [12]).
Alignment of the backbones of both structures revealed an
RMSD of 3.5 A (Fig. 1). As pointed out in Fig. 1, there are
significant differences in the location of the C-terminus of
Go between the model and the crystal structure. A distance
of ~8 A was observed between the C-termini of both
models (Fig. 1).

Model I, which we predicted previously [12], is very
similar to the crystal structure (3SN6) and reveals an
RMSD of ~8.4 A with regard to the corresponding parts of
the crystal structure 3SN6 (Fig. 1). With regard to
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translation in the x-, y-, and z-directions, our predicted
model I agrees very well with the crystal structure. Thus, in
order to determine the set of angles «, (3, and ~y (Fig. 2a)
that lead to the minimum RMSD between our predicted
model and the crystal structure, we used model I as the
starting structure and extended our potential surface scan in
the following manner. Model I with a=(=v=0° was used
as the starting structure. Go; was rotated systematically by
«, (3, and y around the x-, y-, and z-axes (Fig. 2). The angles
« and [ were varied in the range from —60° to 60° in steps
of 15°, and  was varied in the range from —30° to 30° in
steps of 15°. For each structure, energy minimization was
performed using the same conditions and software as
described previously [12]. Furthermore, the RMSDs be-
tween our structures and the corresponding parts of the
crystal structure were calculated. The results are shown in
Fig. 2b. This extended scan exhibited, that our predicted
model I is the global minimum in the analyzed part of the
potential energy surface (Fig. 2b, y=0°, arrow a). Analysis
of the RMSD surface shows a global minimum for a=45°,
(5=30°, and y=15° (defined as model Ia) (Fig. 2b, y=15°,
arrow b). Here, the RMSD between the calculated complex
and the corresponding parts of the crystal structure is ~3.3 A.
This RMSD is in the same range as that found when
comparing hf3,R structures (2.4 A) and Gug structures
(3.5 A), as mentioned above. Thus, this RMSD of 3.3 A is
mainly caused by the differences in the h3,R structures on
the one hand and differences in the G structures on the
other, and only to a small degree by differences in the
orientation of h3,R and G, with respect to each other.
Based on these data, it can be stated that a rotation of G
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Fig. 2 Modeling of the A
potential and RMSD surfaces of
the h3,R—Gog complex. a
Model of h3,R and Ga; the
black circle indicates the
Go,AH domain (K301-V415
[12]), which is not included in
the alignment. b Potential
energy (Ep,o) and RMSD
surfaces for the systematic
search in the range
a=F=-60-60°, y=-30-30°;
arrow a: model I, representing a
global minimum on the potential
energy surface, as predicted
previously [12]; arrow b:
minimum RMSD between the
calculated h3,R—-Got, complex
and the corresponding parts of
the crystal structure; arrow c:
local minimum on the potential
energy surface, representing the
smallest RMSD with regard to
the crystal structure

Go AH
(K301-V415, not included
in calculation of rmsd)

in model I by «=45°, 3=30°, and y=15° (model Ia) results
in an hf3;R—Go complex that is similar to the crystal
structure 3SN6 (Fig. 3). Analysis of the potential energy
shows that the energy of model Ia is about 15% higher than
of model 1. However, model Ia represents a local minimum
on the potential energy surface (Fig. 2b, arrow C; Fig. 4a
and b, point 1). Both minimum structures—model Ia
(Fig. 4a and b, point 1) and model I (Fig. 4a and b, point
8)—can be connected by a minimum energy path by
rotating Goi, by distinct angles «, [, and ~ (Fig. 4a and
b). A closer look at the contact surface between hf3,R and
Go in the minimum-RMSD model (model Ia) reveals two
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differences (Fig. 5). First, in the crystal structure 3SN6,
there is greater outward movement of TM VI compared to
our opsin-based homology model of h3,R (Fig. 5). Second,
there are differences in the conformation of the helical C-
terminus of Gog between model Ia and the crystal structure
(Fig. 5). These differences are caused by the template
structures used for the homology modeling of hp3;R and
Gog. In general, analysis of the potential energy and the
RMSD surface shows that model I [12] agrees very well
with the experimentally determined crystal structure.

Aside from a surface scan, a subsequent molecular
dynamics study of model Ia was performed in the same
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Fig. 3 Alignment of model I or
model la with the corresponding
parts of the crystal structure
3SN6. The alignment of model [
(orange, lefi) with the hf3,R—
Gag of the crystal structure
(green, left) reveals an RMSD of
~8.4 A, whereas the alignment
of model la (orange, right) with
the h3,R—Gao of the crystal
structure (green, right) reveals a
significantly smaller RMSD of
~3.3 A. Rotating Got, of model T
by a=45°, f=30°, and y=15°
results in model Ia

rmsd ~8.4 A
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Fig. 4 Potential energy surfaces of the predicted h3,R-Gx; complex
and the minimum-energy pathway. a Potential energy surface of the
modeled hf3,R-Go, complex for v=15° and v=0° along with the
minimum-energy pathway connecting model la (point 1) and model 1
(point 8). Model I. a=(=~v=0°. b Schematic presentation of the
minimum energy pathway connecting model la (point 1) and model 1
(point 8) along with the corresponding angles «, 3, and
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manner as in the corresponding previous study [12]. During
the 2500 ps productive phase, the h3,R—Goxg complex
(model Ia) did not change significantly from the starting
structure obtained using the surface scan. The simulations
revealed a mean number of 12 hydrogen bonds between the
hB,R and Gug (Fig. 6a). Fourteen pairs of hydrogen-bond
interactions were observed (for >10% of the productive
run) between h(3,R and Ge (Fig. 6b). The interactions
between 267K (h3,R) and 419L (Go) on the one hand and
between 331D (hf3,R) and 417E (Gus) on the other were
stable for >10% of the productive phase. Twelve pairs of
hydrogen-bond interaction pairs between the h3,R and Go
were stable for more than 50% of the productive run,
whereas six pairs were stable for more than 80% of the
productive run (Fig. 6b). Model I also did not change
significantly during the molecular dynamics study from the
starting structure obtained using the surface scan [12].
Similar to model Ia, there were about eleven distinct
hydrogen-bond interactions between the receptor and Gox
for more than 50% of the productive run in model I, and
about six for more than 80% of the simulation [12]. This

T™MVI

Fig. 5 Alignment of h3,R—Gu«s, opsin co-crystallized with part of the
C-terminus of G, and model la. Green crystal structure of h3,R—Go
(3SN6), cyan crystal structure of opsin co-crystallized with part of the
C-terminus of G (3DQB), orange model Ia. Only the relevant parts
of TM VI on the receptor and the C-terminus of Goec are shown
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Fig. 6 Hydrogen-bond interactions between hf3,R and G in model
Ia. a Number of hydrogen bonds between h3,R and Gog during the
2.5 ns productive phase in the MD simulation of the active h3,R—Go
complex of model Ia. b Distinct hydrogen-bond interactions (present
for >10% of the productive run) between the active hf,R-Go

indicates that both models—model I and model Ta—are
comparable not only in terms of stability but also with
regards to the number of hydrogen-bond interactions
between hf3,R and Go.

How valid are molecular modeling based predictions
of GPCR-G« complexes and of protein—protein complexes
in general?

Before answering this question, the differences between both
approaches (crystal structure on the one hand and molecular
modeling on the other) need to be discussed. Crystal structures
are snapshots of (for example) protein—protein complexes in
the solid phase. However, in the cell, protein—protein
complexes are located in a liquid phase, leading to flexibility
in the surroundings and proteins. Thus, due to the different
states (solid versus liquid), the most stable protein—protein
conformation in the solid state is not necessarily the most
stable conformation in the liquid phase. Indeed, differences
are expected. In order to analyze the high number of structures
(>650,000) generated during the surface scan within a
reasonable computational time, only a very short computa-
tional time of about 0.5 min can be used for each point on the
surface. This is achieved by performing “only” energy
minimizations. However, in this case, neither the surroundings
nor the flexibility of the complex are taken into account. To
compensate for this approximation, distinct complex con-
formations can be embedded into the surroundings and MD
simulations can be performed. Unfortunately, since MD
simulations are highly time-consuming, a complete MD scan
ofall h3,R—G, complexes cannot be performed. Therefore,
in our predictive study [12], only two distinct minimum
structures were analyzed by MD simulations. To perform
MD simulations on a significantly higher number of
complexes with low potential energies, a large number of
CPUs is needed in general.

Also, it is important to be aware that, in order to
facilitate the crystallization of the h,R-Gafy complex,
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complex of model la: 7, 131R—418L; 2, 134A—-413L; 3, 1351-410R;
4, 141Y-409Q; 5, 225E-410R; 6, 229Q-383Y; 7, 229Q-385Y; 8,
261A-374S; 9, 263K-377S; 10, 263K-381R; 11, 267K-419L; 12,
331D-417E; 13, 332F-417E; 14, 333R—417E

two additional proteins had to be introduced: the Gs-
binding nanobody (Nb35), which binds between the G«
and Gf3 subunits [14], and T4 lysozyme, which is fused to
the amino terminus of h3,R [14]. Since neither of these
proteins are native to the hf3,R—Guaf3y complex, distinct
influences of the Nb35 nanobody and T4 lysozyme on the
crystal structure must be taken into account; especially with
regard to Nb35, which is localized between G and Gf3
[14]. This can cause differences in the contact area and
conformations of h3;R and Go for example.

Mutagenesis studies were performed in order to deter-
mine interaction sites between the biogenic amine receptor
and the corresponding G subunit [15]. However, not all of
the experimental results can be explained using one model
[16]. Thus, a hypothesis involving sequential binding of
Go to the receptor has been discussed [17]. Based on all of
the experimental results (crystal structures and the energy
surface scan), this hypothesis of sequential binding can be
supported. It is suggested that both minima (represented by
model I and model Ia) are involved in the sequential
binding process. As already mentioned, crystal structures
are snapshots of distinct conformations in the solid state,
but in molecular modeling studies, these local minima can
be connected by minimum-energy pathways.

Mutagenesis studies, when combined with appropriate
pharmacological experiments, can provide hints about the
amino acids that are involved in the receptor-G« interaction.
However, detailed information about distinct interaction sites
between the receptor and G at the molecular level cannot be
obtained by such experiments. Also, while crystal structures
are—as already mentioned above—artificial, information
based on crystal structures or other experimental studies can
simplify the surface scan, because they can provide some idea
of where both proteins may interact with each other, which
enables the systematic surface scan to be focused on defined
areas. This is very important from the perspective of
achieving reasonable computational times. In contrast,
molecular modeling studies afford insight into distinct
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amino acid interactions between the receptor and G,
and intermediate states (complexes that are not repre-
sented by a minimum on the energy surface) can be
calculated. Thus, modeling data can hint at the interac-
tion sites between hf3;R and Go, and so they provide a
platform for useful experimental studies: well-directed
mutagenesis and pharmacological assays. However, more
experimental data are needed in combination with molec-
ular modeling studies in order to prove the hypothesis of a
sequential binding mechanism.

Summarizing, it is clear that reasonable results can be
obtained from predictive molecular modeling studies of
GPCR-Ga complexes. However, additional experimental
studies must be performed in order to obtain the complete
and correct picture of the GPCR-Gu interaction at the
molecular level, and to verify the predictions obtained from
molecular modeling. It should be noted that obtaining
crystal structures of GPCR-Gaf3y complexes is not a
standard technique. In contrast, molecular modeling studies
represent a fast technique for predicting interactions
between GPCR and Ga. It can thus be concluded that
molecular modeling studies are, when used in combination
with experimental studies, a valuable tool for predicting
protein—protein complexes.
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