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G-protein–coupled receptors (GPCRs) are a large group of membrane-
bound receptor proteins that are involved in a plethora of diverse
processes (e.g., vision, hormone response). In mammals, and particu-
larly in humans, GPCRs are involved in many signal transduction
pathways and, as such, are heavily studied for their immense
pharmaceutical potential. Indeed, a large fraction of drugs target
various GPCRs, and drug-development is often aimed at GPCRs.
Therefore, understanding the activation of GPCRs is a challenge
of major importance both from fundamental and practical consider-
ations. And yet, despite the remarkable progress in structural
understanding, we still do not have a translation of the structural
information to an energy-based picture. Here we use coarse-grained
(CG) modeling to chart the free-energy landscape of the activation
process of the β-2 adrenergic receptor (β2AR) as a representative
GPCR. The landscape provides the needed tool for analyzing the
processes that lead to activation of the receptor upon binding of
the ligand (adrenaline) while limiting constitutive activation. Our
results pave the way to better understand the biological mecha-
nisms of action of the β2AR and GPCRs, from a physical chemistry
point of view rather than simply by observing the receptor’s behavior
physiologically.
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G-protein–coupled receptors (GPCRs) are responsible for the
majority of cellular responses to a plethora of different cues,

ranging from hormones and neurotransmitters to external agents
like light and smell. As such, they are at the entry point of
countless processes, particularly in complex multicellular or-
ganisms (1). Therefore, GPCRs are important in understanding
molecular determinants of human diseases, emphasized by con-
sidering that 40–50% of pharmaceutical drugs target them (2, 3),
and more novel therapeutics await discovery as our knowledge of
these versatile receptors grows.
GPCR functionality is highly diverse because a single receptor

molecule can be activated to elucidate different physiological
responses mediated by different ligands or G-protein partners.
The extracellular domain of GPCRs can bind to agonists, neutral
agonists, reverse agonists, or antagonists, and translate this informa-
tion to the cytoplasmic domain by activating, neutrally perturbing, or
deactivating the action of heterotrimeric G proteins, which leads to
different downstream signaling events (4, 5). Additional layers of
complexity come in the form of the (mostly unexplored) potential
oligomerization of the receptors, the allosteric modulators that in-
crease or decrease the affinity of the receptor to ligands [where some
allosteric agents affect different orthosteric targets differently (6)] as
well as from the activation of G-protein independent pathways (e.g.,
β-arrestin–mediated) of signal transduction (7).
The spectacular advances in structural and biochemical studies

of the relevant complexes of GPCRs with G proteins or other
signaling molecules (8–10) give hope for advances in the detailed
understanding of the activation process and the involvement of
all partners. Specifically, the human β2 adrenoreceptor (β2AR)-Gs
complex (11, 12) provides a very promising starting point for
modeling studies. Indeed, molecular dynamics (MD) simula-
tion studies of GPCRs have provided interesting insights on
the ligand binding and allosteric activation processes (13, 14).
However, despite having a detailed structural understanding of

GPCR-mediated allosteric activation, we still do not have a
computational description of the actual free energies of the dif-
ferent conformations involved in this process. Thus, one of the
most important features that has not been explored by computa-
tional studies is the nature of the relevant free-energy landscape.
The usefulness of having a reasonable free-energy landscape for
the action of biological systems has been demonstrated in many
previous works by us (15, 16) and other groups (e.g., refs. 17 and
18). The potential of applying energy landscape considerations
to GPCRs has been discussed recently by Deupi and Kobilka
(19) and exploiting such a concept by realistic free-energy calcu-
lations should be of great importance.
The general mode of activation of GPCRs is now well un-

derstood on a phenomenological level, as is illustrated in Fig. 1.
As depicted in the figure, the activation process starts upon binding
of an agonist, which shifts the allosteric equilibrium to the active
form of the receptor, opening a cavity on its cytoplasmic face.
Whether a G protein is prebound to the receptor or binds as a
consequence of the activation, the next step is a change in the
conformation of the G protein (entailing separation of the two
major domains of the α-subunit, and penetration of a helical seg-
ment, termed α5, into the cavity of the activated receptor) which
facilitates an exchange of GDP with GTP [the rate-limiting step in
G-protein activation (20)]. The G protein with the bound GTP dis-
sociates subsequently into the α-subunit and βγ-heterodimer, which
elicit downstream signal transduction within the cell (21). Despite the
above general information, it is important to move to a more detailed
description in terms of the relevant free-energy landscape.
Considering the overwhelming complexity of GPCRs, it seems

to us that the most effective current way of exploring the acti-
vation landscape is to start with coarse-grained (CG) modeling,
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that can produce an approximated landscape and would allow
one to explore key issues. Thus, it may be very useful to construct
an initial energy landscape for the activation of β2AR, using our
electrostatics-based CG model (22, 23) and related approaches
(24). Our approaches have been effective in exploring problems
similar to β2AR activation, including conformational landscapes
of molecular machines [e.g., ATPase (15) and myosin (16)]. Our
approach also allowed some advances in exploring the action of
exchange factors (e.g., CDC25) on Ras (25), where we made
some progress using mutation experiments even without direct
structural information about CDC25.
In this work, we began by looking at the very core components

of the signal transduction pathway, including in our modeling
the receptor and the G protein (considering the agonist implicitly).
We successfully calculated an energy landscape that agrees with
experimental results, in terms of the conformational selection
and subsequent events (GDP-release and signal transduction). This
work also forms a foundation for future studies, which should be
fruitful as more components are added and a complete model for
all known partners in the GPCR-signaling system—including olig-
omerization, allosteric modulators, and so forth—are constructed.
The present study is also used as a deductive tool, clarifying

the importance of the landscape concept and a warning from the
use of the “soft” implication of the presumed importance of
dynamical effects in GPCR and related systems. Because, in fact,
the protein motions are simply determined by the free-energy
landscape, rather than determining the biological action.

Results and Discussion
Building Structural Models for Limiting Cases. The structural models
for this study were based on existing crystal structures of the
β2AR and G protein. The structure of the activated state, bound
to open G protein (Bos taurus heterotrimer Gs) was based on
PDB ID code 3SN6 (11), whereas the structure of the inactive
receptor was based on PDB ID code 2RH1 (26). The α-subunit
of Gs (abbreviated Gα herein) is composed of two main domains:
the Ras-like domain (RD) and the α-helical domain (AHD) (SI
Appendix, Fig. S1), and the two domains undergo a very large
separation upon binding to an activated GPCR (11, 27). The
“open” conformation was taken from PDB ID code 3SN6,
whereas the closed conformation was based on PDB ID code
1GP2 (28). The missing loops were constructed based on existing
segments from the available structures, as mentioned above,
by comparing to the simulation results of Dror et al. (29) and
de novo design. The different assemblies were constructed by

aligning the various subunits to existing complexes, with minor
modifications and atomistic MD simulations to avoid clashes.
Finally, the C terminus of the α-subunit (often referred to as α5)
was modeled in two conformations, termed “in” and “out” herein
[standing for in the activated receptor cavity and out of the receptor
cavity; described as disorder-to-order for out-to-in elsewhere (30)],
based on the original conformation where α5 is bound to the re-
ceptor (i.e., PDB ID code 3SN6) and the structure in PDB ID code
5JS8 (31) (where α5 is free, and consequently partially disordered),
respectively (see Fig. 2 for representative configurations). All as-
semblies were energy-minimized and simulated inside a membrane
grid and embedded in a water sphere. Finally, the all-atom protein
structures were converted to our CG model (SI Appendix, Fig. S2),
and the total energy of the system was computed as previously de-
scribed (22, 23). The relative free energies of all of the states and
corresponding transitions are presented in Fig. 3.
Experimental studies of rhodopsin (a class A GPCR like the

β2AR) suggest that the free receptor samples all of the functional
conformations and that there are no novel conformations that are
being formed uponG-protein binding (32). It is reasonable to assume
that a similar case is true for the β2AR, and thus the conformations
found in the structures above probably cover the relevant confor-
mational space, with and without the bound G-protein partners.
The binding free energy of the agonist was taken as −8.2 kcal/mol

based on the experimental affinity of adrenaline (33), assuming for
simplicity that the agonist binds the active conformation with a
much higher affinity than the inactive conformation (in general,
binding energies for agonists and drugs can be carefully calculated
using computational methods) (e.g., ref. 34). The energetics of
the GDP and GTP binding was estimated by the protein dipole
Langevin dipole semimacroscopic version (PDLD/S) with its linear
response approximation version (the PDLD/S-LRA model) (24,
35), which proved successful in many cases (e.g., refs. 36 and 37).
Although studies showed that the receptor can assume several

distinct active conformational states (38, 39), we focus here on
only one active conformation of the receptor, because this work
deals only with the canonical G-protein activation pathway.

Adrenaline
Receptor

G protein

Signal cascade (e.g. cAMP)

GTP

α
β

γ GDP

Fig. 1. Schematics of the GPCR-activation pathway. The receptor is acti-
vated upon binding of agonist (adrenaline in the case of the β2AR), while the
G protein is bound to GDP (studies showing conversion between the con-
formations of free G protein are mentioned in the main text). G protein
binds to the activated receptor, undergoes the conformational changes re-
quired to facilitate exchange of GDP with GTP. The G protein is bound to
GTP and then dissociates into the α-subunit and βγ-heterodimer, which elicit
downstream signal transduction within the cell (e.g., increase or decrease of
cAMP through activation or inhibition of adenylyl cyclase, respectively).

Fig. 2. Protein structures of representative assemblies (the selection criterion
was visual clarity) used in this study (see main text and Materials and Methods
for details). The receptor is shown in green, and the G protein α-, β-, and
γ-subunits are shown in red, blue, and yellow, respectively. The G-protein
α-subunit α5 helix mentioned in the text is labeled and its C terminus, which
undergoes a disorder-to-order transition, is marked with a dashed circle (where it
is ordered, or “in”). Note that the specific complex in PDB ID code 3SN6 is the
activated receptor bound to open-in G protein, which is not shown here.
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Exploring the Free-Energy Landscape. In studies of biological
landscapes, it is often most instructive to look at the “end-points”
or “asymptotic points” of the overall landscape (this provides
the limits for many possible mechanistic options). In the β2AR
system, the most functionally dominant states are: (i) inactive
receptor, unbound to agonist (regardless of G-protein state);
and (ii) active receptor, bound to an agonist, and bound to a
G-protein trimer. Then state (ii) contains two substates: closed
(bound to GDP) and “open-in” (ready to release GDP). These
limits provide the guide for exploring the asymptotic states (Fig.
3). A dominant feature in the conformational changes of the
G-protein α-subunit is the position of the C-terminal α5 helix.
Here we use the term “in” for the case when α5 has moved into
the binding pocket of the receptor and is more helical (or the same
conformation in the absence of a receptor) or “out” for the case
when it is outside the binding pocket and somewhat disordered
(see SI Appendix, Fig. S1 for more details). It is worth noting that
the movement of α5 entails motion in the connected β6 structural
element, and the joint movement of the α5-β6 region was exper-
imentally shown to be involved in GDP release (40, 41).
Fig. 3 presents the CG free energies calculated for the end-

points, exploring four coordinates: (i) receptor conformations,
using active and inactive states; (ii) Gα α5 state, using out and
in (disordered and ordered, respectively) conformations; (iii)
G-protein α-subunit RD and AHD relative orientation, using the
closed and open conformations as the two end-points; and (iv)
whether the G protein is bound to the receptor or not. Fig. 3
presents coordinates (i) and (ii) sequentially on the horizontal axis,
coordinate (iii) on the vertical axis, and coordinate (iv) as the
“depth” axis. The coordinates are also labeled on Fig. 3. In addition
to the end-point energies, the ΔG differences between the config-
urations are calculated and shown in Fig. 3 (on the appropriate
arrows). Hence, Fig. 3 allowed us to trace how the different states
interconvert, and what was the change in free energy. We wish to
emphasize that Fig. 3 presents energies calculated in the absence of
agonist, and the landscape in the presence of the agonist (a para-
metric addition to the energy; see above) is depicted in Figs. 4 and 5.
In terms of agreement with experimental findings, the results

in Fig. 3 show a significant promise. The most important conditions
that are needed to satisfy for a minimal working model are as

follows. (i) The receptor with no bound agonist should remain
mostly in the inactive conformation, and equilibrium should shift to
the active conformation when the agonist binds. (ii) The G protein
should bind the activated receptor but not its inactive conformation.
And (iii) The G protein should bind GDP tightly, but then release
GDP when bound to an activated receptor (open-in). In terms of
these three conditions [shown as pluses (+) and minuses (–) in Fig.
3], our model performs well. We report that the receptor is more
stable when it is in the inactive conformation (states I→ II in Fig. 3),
and the binding energy of the agonist (−8.2 kcal/mol) (33) would
shift this equilibrium to the active form. Then, when the receptor is
active, our calculations show that binding of the G protein becomes
favorable. We also show that the closed conformation of the G
protein (closed-out, binding GDP tightly) is converted to the open
and ready-to-release GDP conformation (open-in), upon binding to
the activated receptor (II → V → XII). We do note, however, that
the model and resulting energies are not perfect. Specifically: (a) we
report an energy difference between the inactive and active receptor
that is surprisingly small (I → II; ∼1 kcal/mol), which indicates that
β2AR exhibits high basal activity. This result is discussed below. (b)
The transition of Gα from closed-out to open-in is marginally
spontaneous (II → IX ΔG is approximately −1 kcal/mol) when the
G protein is free, whereas it is only expected to be energetically
favorable when the G protein is bound to the receptor, for which
our model predicts ΔG is approximately −13 kcal/mol (V → XII).
And (c) the G protein can open when bound to the inactive re-
ceptor (IV → X; however, the transition from out to in is not ste-
rically possible when the receptor is inactive, and thus release of
GDP is unlikely). These discrepancies (marked as squares in Fig. 3)
might be a result of inaccuracies in the construction and assembly of
the models, at the fine-tuning level, as well as performance gaps of
the CG force field. Regardless, the overall picture presented is in
line with experimental observations and provides much value. Fi-
nally, some indications that our calculations might correspond to
actual observations have been reported, as discussed further below.
To further clarify the consequences of our calculations, we

present in Fig. 4 1D traces constructing a qualitative energy
landscape based on the trends of the asymptotic points shown in
Fig. 3 and discussed above. This figure can help in following the
change in free energy along the main conformational coordinate
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Fig. 3. The CG energies of all conceivable configu-
rations of the GPCR–G-protein system explored in this
work. The total relative energy of each configuration
is marked above the cartoon (in kilocalories per
mole) and Roman numbers in blue are used to label
each configuration. The receptor is shown as green
cylinders, with an orange star highlighting the
activated conformation. The G-protein α-, β-, and
γ-subunits are shown in red, blue, and yellow, re-
spectively. The arrows are shown in red and green for
an endergonic or exergonic reaction, respectively. The
circles with “+” or “–” in them indicate conditions (for
endergonic and exergonic, respectively) that were
used to validate the model, as mentioned in Exploring
the Free-Energy Landscape. Discrepancies between
published results and our calculations are marked
with the letters (a), (b), and (c) in squares, and are
discussed in Exploring the Free-Energy Landscape. See
SI Appendix, Fig. S1 for the relationship between the
structures and the cartoons drawn here. The reaction
coordinates are described with black arrows; see Ex-
ploring the Free-Energy Landscape for more details.

Alhadeff et al. PNAS | October 9, 2018 | vol. 115 | no. 41 | 10329

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810316115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810316115/-/DCSupplemental


changes. Briefly, one can see that the receptor is activated upon
binding of the agonist (vertical black arrow in Fig. 4). Also, it is
shown that when the receptor is inactive, the conformational
changes in the G protein harbor intermediates that are high in
energy, making GDP release less likely. This trend is not ob-
served in the activated receptor, where most G-protein inter-
mediates are lower in energy than their precedent state. Of
course, it would be useful to obtain the activation barrier for
conformational changes by running CG simulations, but this is
challenging because of the complexity of the system and is left to
subsequent studies. Interestingly, however, we explored the sim-
pler task of moving from the active to the inactive receptor
(without the G protein) and obtained an approximate barrier of
3 kcal/mol (using a normal-mode–based method that is described
in SI Appendix; see SI Appendix, Fig. S3) that is reasonable and in
line with previously reported computational estimates (42).
To reiterate, examining the energy landscapes shown in Figs. 3

and 4 we see that the inactive receptor might promote binding
to an open G-protein trimer (albeit with a higher energy in-
termediate), whereas the activated receptor promotes opening of
the bound G protein with no high-energy intermediates, and also
allows the movement of helix α5, which is a prerequisite for re-
lease of GDP (43). Thus, our computed energies conform with
the notion that only interactions with the activated receptor will
result in release of GDP from the G protein (44), and hence in
signal transduction; regardless of unproductive conformational
changes occurring in the G protein, as reported in ref. 45.
To conceptualize our analysis and to clarify the allosteric ac-

tivation mechanism we also describe the energy landscapes for
the system with and without the ligand as a function of the re-
ceptor conformation and the states of the G protein. The cor-
responding description (Fig. 5) illustrates the effect of the ligand
in stabilizing the active state, where the landscape guides the
system to a configuration that forces the G protein to open and
to exchange the GDP by GTP. The difference in energy between
the active and inactive receptor is too small for the surfaces to be
visibly separated and is also suggestive of high basal activity [see
discrepancy (a) above, discussing the small energy difference], and
we therefore shifted the calculatedΔG from∼1 kcal/mol to 4 kcal/mol

in Fig. 5 (for visual purposes). At first glance, the calculated energy
gap of ∼1 kcal/mol [discrepancy (a) above] appears to be under-
estimated; however and interestingly, previous studies report that
β2AR exhibits high basal activity indeed (46, 47). Furthermore, single-
molecule FRET experiments indicate that as much as 20–30% of the
receptor population is found in the active state even at the absence of
agonist (48, 49). Moreover, recent experimental data lend additional
support to our original calculations, indicating that the receptor bound
to an agonist is not necessarily the lowest point in energy surface (50).
In this case, the activated receptor becomes predominant only after
binding the G protein as well. This finding is consistent with several
works (e.g., refs. 12, 48, and 51). Thus, our calculated ΔG results are
actually encouraging.
Our finding of a fairly low energy difference between the open

and closed states of the G protein suggests that even without
activation, the G protein might populate both conformations.
This is supported by other studies (31, 45). The open state, however,
becomes more dominant as it binds the active receptor, as seen in
our energy landscape and in the cited experiments. Furthermore, it
is important to note that when the conformation is open-out it is
still not prone to release GDP as in the open-in conformation.
Although the most straightforward model follows an increase

in receptor–G-protein coupling upon agonist binding (e.g., refs.
52 and 53), other studies indicate that GPCRs exist in cells in the
form of preformed complexes with their appropriate G-protein
partners (54, 55). The precoupling concept brings an interesting
perspective that can be considered using our energy landscape, if we
reassess the chain of events starting from the precoupled states rather
than the dissociated ones (as in Figs. 3–5). Ultimately, the end result
and practically all of the discussion above remain the same even with
this modification of the analysis. However, a functional precoupling
cannot properly explain the amplification of GPCR activation (43).
The model’s usefulness can be expanded by adding more

complexity, such as binding of antagonists, binding of different G-
protein partners, phosphorylation of the receptor, and binding of
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β-arrestin, as well as taking into account the effect of oligo-
merization or allosteric modulators, and their effect on the
structure (56) and thus the energy landscape. Note in this respect
that a very recent breakthrough study solved the structure of the
μ-opioid receptor in complex with a Gi protein (57); our ap-
proach can help pave the way to understanding how GPCRs
select their partners in a specific way.

Activation of the G Protein
The activation of the G protein (composed of two domains, one
of which is the Ras-like domain) is a central mode in the signal
transduction of GPCRs and thus it is important to probe its
molecular origin. Here we can go back to a related early study
(25) of the activation of the exchange factor CDC25 that ex-
changes GDP for GTP in the Ras cycle. In that case we had
demonstrated that the exchange activity is based on an electro-
static control. Thus, we explored if the G protein in the GPCR
system is activated in a similar way. To examine this issue, we
performed PDLD/S-LRA binding calculations for GDP and
GTP to the G protein. The results, presented in Fig. 6 in color,
consider only the direct X-ray–derived conformations (i.e., 3SN6
for open-in and 5JS8 for closed-out). The other conformations
are presented for comparison in Fig. 6 in grayscale, but will not
be considered in the discussion. As seen in Fig. 6, the transition
of the G protein from closed to open-in reduces the binding
affinity of GDP (from −20.7 to −18.5 kcal/mol) but has little
effect on the affinity of GTP (−22.3 to −22.8), so with the larger
concentration of GTP [∼10 GTP/GDP concentration ratio (58)]
the exchange would be energetically favorable. We note here
that a thorough investigation would require considering the ki-
netic barriers as well. Thus, further detailed studies of the
binding of the GTP and GDP are left for subsequent works.

Concluding Remarks
Gaining a quantitative or semiquantitative description of the
landscape of GPCRs can provide a crucial help in rational design
of drugs that control signal transduction processes. This challenge
is addressed here in a CG study of the activation of the β2AR. The
resulting landscape reproduces key trends in the energetics of the
asymptotic states inferred from previous experimental and com-
putational studies, and thus provides us with computer-generated
energetic rankings for different protein conformations in the
GPCR–G-protein complex. Such results and their changes with
different GPCR activators or inhibitors should provide a powerful
way of understanding the action of GPCR.
Several works have emphasized the role of dynamics in the

activation process either specifically or by implications that can be
understood as emphasizing the key importance of dynamical effects
(e.g., ref. 59). Here, as is the case in related proposals about the role
of dynamics in enzyme catalysis (for review, see ref. 60), we find
such implications to be problematic and irrelevant to the functional
issue. That is, of course, the change of the landscape can lead to
larger flexibility and faster motions, but as long as the relevant
barriers are more than a few kilocalories per mole the energetics
determine the time of passing the barriers and of moving between
different configurations. Thus, the activation involves changes in
energetics, and any change of dynamical behavior is the result of the
change in energetics and not the reason for it.
Other works in the field discuss thoroughly the concept of

allosteric effects within GPCRs (61, 62): the process in which
binding of a substrate in one site elicits an effect in another re-
mote site (for example, binding of an agonist to the pocket within the
TM domain increases the affinity of the receptor to the G protein at
its cytoplasmic face). Such effects are often attributed to “confor-
mational changes,” and we would argue that the allosteric effects are
ultimately associated with structurally induced electrostatic effects. In
this respect, our model has reviewed the overall energies of the end-
states and hasn’t thoroughly addressed the internal changes and their

modulation by electrostatic interactions within the protein, to account
for the allosteric effect observed. Such considerations are far from
trivial and should be addressed in further studies.
Another aspect that is not addressed in the present study is

biased agonism, and the related hypothesis that the receptor has
more than two conformations (61). These conformations or sub-
conformations are responsible, in part, to the preferential binding of
one partner over another (e.g., G protein over β-arrestin, allowing
bias to take place). Here we focused on the two conformations that
are most relevant for G-protein activation, which are the two con-
formations with currently solved structures. Subconformations that
might be less stable and therefore hard to attain structural in-
formation for can be investigated using computational means and
can be explored in future studies.
Finally, we wish to point out that our model, and especially the

outlook of Fig. 3, is strongly related to and also expands the long-
standing ternary complex model (62, 63). The energetic consider-
ations of the ternary complex model should be valid in our model,
because they all rely on the same basic principles of thermodynamics.
The present work is a general exploration study that demon-

strates the power of model-based CG strategy in charting the
landscape of GCPRs. As demonstrated above, the results of our
approach are not yet fully quantitative. However, the ability to
examine the qualitative nature of the landscape can be a major
tool in guiding experimental and theoretical exploration of
GCPRs and related systems. Obviously, subsequent studies can
explore the barriers between states, the difference between ag-
onists and antagonists, and can also explore the nature of binding
to different protein partners (e.g., Gi protein or β-arrestins).

Materials and Methods
The structural models were constructed using a combination of VMD plugins
(64), the CHARMM-GUI server (65), and MODELER (66). The PDB IDs used
were 3SN6 (11) for active β2AR–G-protein complex and 2RH1 (26) for inactive
β2AR. Gs was modeled based on PBD ID codes 3SN6 and 1GP2 (28) for open
and closed states, respectively, and modeling of the α5 segment of Gα, which
interacts with the receptor, was modeled based on PBD ID codes 3SN6 or 5JS8
(31) for ordered and disordered conformation, respectively. All assemblies were
constructed making sure that their amino acid sequences matched exactly
(mutating or deleting extraneous residues if needed), to ensure that the only
difference between the systems are the coordinates of the atoms. This step is
important to make the energy comparison as precise as possible. Finally, all as-
semblies were embedded in a grid of particles emulating a membrane bilayer,
and surrounded by a water sphere using the MOLARIS software package (67).
The energy of the systems was minimized using the steepest descent algorithm,
and a short relaxation run of 20 ps was performed to locally relax the proteins
and remove possible steric clashes. See the SI Appendix for more details.

GDP GTP

-9.9 (?)-20.7

-18.8 (?) -18.5

-22.3 -29.7 (?)

-22.8-29.1 (?)

Fig. 6. PDLD/S-LRA binding energies (in kilocalories per mole) of GDP and
GTP to the Gα subunit in the different G-protein states. The colored states
are based directly on X-ray structures whereas the grayscale states were
modeled using different templates for each feature (the RS-AHD inter-
domain orientation and the α5 conformation). In the discussion we consid-
ered only the X-ray–based models. See SI Appendix, Fig. S1 for a match
between the structures and the cartoons drawn here.
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In calculating the asymptotic CG energies, we selected 10 snapshots from
each system, and the proteins were simplified to the CG model of MOLARIS-
XG (22, 23). The protonation states of all titratable residues were determined
using a Monte Carlo simulation (22), and finally the total energy of the system was
calculated as previously described, usingmodel 1 in ref. 23. The energies of all of the
snapshots were averaged for each assembly. See the SI Appendix for more details.

The energy profile of the conformational transition, going from the in-
active to the active β2AR conformation, was calculated using an underdevelopment

method, which calculates the normal modes of the protein, and performs aMonte
Carlo simulation to sample the transition. See the SI Appendix for more details.
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