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Abstract

Considerable evidence has accumulated in recent years suggesting that G protein-coupled receptors (GPCRs) associate in
the plasma membrane to form homo- and/or heteromers. Nevertheless, the stoichiometry, fraction and lifetime of such
receptor complexes in living cells remain topics of intense debate. Motivated by experimental data suggesting differing
stabilities for homomers of the cognate human B1- and B2-adrenergic receptors, we have carried out approximately 160
microseconds of biased molecular dynamics simulations to calculate the dimerization free energy of crystal structure-based
models of these receptors, interacting at two interfaces that have often been implicated in GPCR association under
physiological conditions. Specifically, results are presented for simulations of coarse-grained (MARTINI-based) and atomistic
representations of each receptor, in homodimeric configurations with either transmembrane helices TM1/H8 or TM4/3 at
the interface, in an explicit lipid bilayer. Our results support a definite contribution to the relative stability of GPCR dimers
from both interface sequence and configuration. We conclude that B1- and 2-adrenergic receptor homodimers with TM1/
H8 at the interface are more stable than those involving TM4/3, and that this might be reconciled with experimental studies
by considering a model of oligomerization in which more stable TM1 homodimers diffuse through the membrane,
transiently interacting with other protomers at interfaces involving other TM helices.
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Introduction

G Protein-Coupled Receptors (GPCRs) have been reported to
associate in the cell membrane to form dimers/oligomers. While
incontrovertible evidence exists for the constitutive dimerization of
disulfide-linked family G GPCRs [1], the interpretation of
oligomerization studies of members of the largest subfamily A of
GPCRs [2] has often been difficult and controversial [3,4,5,6], since
the majority of the techniques used to infer GPCR association in
living cells are unable to conclude unambiguously in favor of direct
physical interaction between receptors. Most importantly, very few
GPCR oligomerization studies have been able to provide any
information about the fraction of receptors that are interacting at a
given time or the corresponding dynamics of the interactions,
rendering it impossible to determine, with any certainty, which
molecular species (i.e. individual protomers, dimers, or higher-order
oligomers) signal through interaction with intracellular proteins.
These uncertainties have fueled an ongoing debate regarding the
physiological role of GPCR oligomerization, exacerbated by the
evidence that individual GPCR protomers, when reconstituted into
nanodiscs, can signal to G proteins [6,7,8,9].

Recent studies using single-molecule approaches have begun to
address the details of the spatial and temporal organization of
GPCR complexes in living cells. Single-molecule total internal
reflection fluorescence microscopy (TIR-FM) was recently used to
track the position of individual molecules of the M1 muscarinic
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acetylcholine receptor (MI1R) labeled with fluorescent MI1R
antagonists in living cells [10]. Both single- and dual-color imaging
experiments suggested a transient (~0.5 seconds) formation of
MIR dimers and a dimeric fraction of only ~30% dimers at any
given time. Although similar conclusions were reached by a single-
molecule study of another family A GPCR, i.e the N-formyl
peptide receptor [11], the possibility cannot be excluded that the
fluorescent ligands used to image the single molecules in both
studies might have altered the lifetime and preferred stoichiometry
of the observed GPCR oligomers. It remains to be determined
whether or not the features highlighted in these studies are the
same for all GPCRs, or just specific subtypes.

Recent fluorescence recovery after photobleaching (FRAP)
studies of human Pl and P2-adrenergic receptors (BIAR and
B2AR, respectively) [12] have raised the possibility that the strength
of GPCR association may vary significantly, even among closely
related receptor subtypes. Although the antibody-mediated capping
approach used to immobilize receptors in these studies may have
affected the interpretation of the results, BIAR was suggested to
interact transiently (on a timescale of seconds) whereas B2AR
appeared to form more stable complexes (on a timescale of minutes).

Fung and colleagues [13] reported data in support of
spontancous B2AR  oligomerization using Forster resonance
energy transfer (FRET) between relatively small fluorescent probes
attached to purified B2AR reconstituted into phospholipid
vesicles. The authors hypothesized predominant tetrameric
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Author Summary

G Protein-Coupled Receptors (GPCRs) are the largest family
of membrane proteins targeted by drugs in clinical
practice. Despite being at the forefront of biomedical
research for many vyears, there is still considerable
uncertainty about how GPCRs function at a molecular
level. Although substantial evidence exists in support of
their association in cell membranes, it is unclear how
general and/or long-lasting this phenomenon is and
whether it plays a significant role in GPCR function. This
observation highlights the importance of understanding
the rules that govern receptor-receptor interactions in
living cells. Here, we report the results of computer
simulations from which we estimated the relative stability
of dimers formed by different, yet highly homologous,
prototypic GPCRs. Our results suggest overall transiency in
receptor-receptor interactions at the simulated different
dimerization interfaces, but a variable strength of associ-
ation depending on the specific residue composition or
shape of the interface. The methodology we propose is
expected to provide a level of molecular detail that is
unattainable using current experimental techniques. Our
ultimate goal is to generate unique hypotheses of
receptor-receptor inter-helical interactions that can be
tested experimentally to help elucidate the role of receptor
association in GPCR function.

arrangement for the B2AR, although they did note the difficulty of
unambiguously determining the stoichiometry of receptor oligo-
mers from a reconstituted system. Additional FRET saturation
studies showed greatest energy transfers for H8 and smallest for
TM6, based on which, the authors proposed a preferential
oligomeric arrangement of B2AR involving TM1 and H8 at the
interface, similar to that previously suggested for the dopamine D2
receptor from a combination of molecular modeling and cysteine
cross-linking experiments [14]. Further support for the simulta-
neous involvement of helices TM1 and H8 at an interface was
recently provided by chemical cross-linking of endogenous
cysteines in rhodopsin in disk membranes [15]. Several additional
experimental studies support the direct primary involvement of
TM1, as well as TM4 in GPCR oligomerization under physio-
logical conditions [16]. Although an alternative dimerization
interface involving both helices TM5 and TM6 was recently
suggested by the crystal structures of the chemokine CXCR4 [17]
and p-opioid [18] receptors, its physiological relevance has not yet
been demonstrated. Here, we sought insight into the dimerization
free energy of models of human BIAR and B2AR based on high-
resolution inactive crystal structures interacting at two putative
interfaces involving TM1/H8 or TM4/3, using biased molecular
dynamics (MD) simulations. Specifically, we combined umbrella
sampling and metadynamics simulations to provide hypotheses of
the role played by the interface sequence and configuration in
imparting stability to the specific dimeric arrangements that we
have simulated for both BIAR and B2AR. These studies provide a
mechanistic insight into the association of GPCRs at putative
dimerization interfaces at a level of molecular detail that is
unattainable using current experimental techniques, yet crucial to
guiding future experiments aimed at exploring the role of
dimerization in receptor function.

Results

The results presented herein derive from approximately
160 microseconds (us) of coarse-grained (CG), biased MD
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simulations. Two different dimeric arrangements were considered
for the BIAR and B2AR. Specifically, these correspond to the
interfaces illustrated schematically in the insets of Fig. 1, and are
named TM4/3 and TM1/H8 after the helical domains involved
in symmetric interactions. Notably, there can be different types of
TM1/H8 interfaces depending on whether the TMI residues
involved in symmetric interactions are adjacent to TM7 or TM2.
We focused on the interface with TM1 residues adjacent to TM7
based on inferences from recent cross-linking experiments of a
family A GPCR [14]. We also note that this particular packing of
TMI, simultaneously involving HS8, is not possible using a
rhodopsin structural template [14]. The corresponding MARTI-
NI-based CG representations of these dimeric configurations were
embedded in an explicit, CG, hydrated 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC)/10% cholesterol model mem-
brane, resulting in approximately 30,000 particles. Following
earlier studies [19,20], we used three collective variables (CVs) to
describe the dimeric arrangements recapitulated in the inset of
Fig. 1A. Briefly, these C'Vs describe the separation (1) between the
centers of mass (COMs) of two interacting protomers a and b, i.e.,
C, and C,, and their relative orientation, described by the relative
rotational angles 0, and 0.

Thorough exploration of the TM4/3 and TM1/HS interfaces
of BIAR and B2AR homodimers was achieved through a pair of
biasing forces applied to the CVs, ie. a harmonic umbrella
restraint applied to the separation (1) between the COM:s of each of
the protomers, and a history-dependent Gaussian bias applied to a
pre-defined rotational angle range. POPC and cholesterol
exchange at the interfaces was evaluated following the procedure
described in Text S1 (see also Figs. S1 and S2) to exclude the
possibility of desolvation problems at the protomer-protomer
interface. Unbiased free energies were subsequently obtained as a
function of the separation of the protomers, and of the angle
exploration, as described in Materials and Methods. A theoretical
framework, identical to that previously described by us in [19], was
applied to derive the relative dimerization free energies and dimer
lifetimes for each system, at the different interfaces. Results are
presented in Table 1. A representative CG structure for each
system was extracted from the energetic minimum in both 7 and
(0,, 0,) space and converted to an atomistic representation. Each
structure was subsequently simulated for 1 ns in an explicitly
represented, solvated POPC/10% cholesterol bilayer, and the
details of the contacting residues at the interface were derived.

Receptor Protomers Interacting at TM4/3

Fig. 1A shows the reconstructed free energy surface (FES) as a
function of the separation, 7, between the COMs of the protomers
for the BIAR (red) and B2AR (blue) homodimers. We note that
the overall shapes of the corresponding curves are similar and their
depths are equivalent, within the calculated error bars. Upon
offsetting the curves to a zero value in the region beyond which the
protomers were seen not to be interacting and were therefore
designated as monomeric states (r=4.5-4.8 nm), we observe that
the depths of each of the two minima are similar between the
B1AR and B2AR homodimers. To confirm the choice of the
reference state, we sampled one of the systems, specifically the
B2AR interacting at the TM4/3 interface, to larger separation
distance (Fig. 1). As reported in Table 1, the primary minimum is
at —4.8 kcal/mol and —5.8 kcal/mol for BIAR and B2AR,
respectively. Using the same theory described in [19], and the
equations 1-3 reported in Materials and Methods, dimerization free
energies (i.e., mole-faction standard state free energy changes
AGx°) of —2.3 kcal/mol and —3.7 kcal/mol were calculated for
BIAR and B2AR, respectively.
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Figure 1. Free energy surface (FES) as a function of protomer separation. Panel (A) shows results obtained for the TM4/3 interface of B1AR
(red) and B2AR (blue) homodimers. The monomeric state was defined as being in the r=4.5-4.8 nm range, and was assigned a free energy of zero.
Panel (B) shows the FES as a function of the distance between the centers of mass of the protomers at the TM1 interface formed by (red) B1AR and
(blue) B2AR, with the monomeric state assigned as r=5.5-5.9 nm. The error bars are given for each case, and are calculated as described in Text S1. In
each panel, the inset shows a schematic representation of the CVs (r, 6, and 0,) in each of the interface arrangements.
doi:10.1371/journal.pcbi.1002649.g001
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Table 1. Results of the free energy calculations of adrenergic receptor dimers.

System Interface F(/min) (kcal/mol) Kp (um?) AGx° (kcal/mol) Lifetime (s)

B1AR TM4/3 —4.8 (—5.6,—4.0) 31107° (73107514109 —23(—1.5, -3.2) 1310%(3210°> 59109
B2AR T™M4/3 —5.8 (—6.2,—5.5) 3.8107*(33107% 501079 —3.7(—3.3, —4.1) 141073 (691074271079
B1AR TM1/H8 —12.0 (—12.4,—11.6) 7.2 (3.6,14.3) —9.7 (—9.2,—10.0) 314 (5.8,62.7)

B2AR TM1/H8 —12.9 (—13.7,-12.1) 13.8 (3.2,60.0) —10.0 (—9.2, —10.9) 60.5 (13.9,263.1)

doi:10.1371/journal.pcbi.1002649.t001

We proceeded to identify the relevant orientations of the
protomers within each of these dimeric minima by comparing the
FES calculated as a function of the angles (see Fig. S3) at r=3.42—
3.48 nm for BIAR and r=3.42-3.46 nm for B2AR. The FES as a
function of the angle for the TM4/3 interface indicates minima
situated approximately at @1(0,,0;,)=(0.2,0.4) (or the symmetric
erae, 0,=0.4,0.2) value) and ©2(0,,0,)=(0.45,0.45) radians,
respectively. Superpositions of energetically-optimized, all-atom
reconstructions of representative structures of the @1 and ©2
minima, obtained using the procedure described in the Materials
and Methods section, are shown in Fig. 2A for both BIAR (red/pink
respectively) and B2AR  (blue/light blue). Symmetric inter-helical
contacts, defined as average interaction distances between residue
CP atoms less than or equal to the threshold distance of 11 A
during 1 ns unbiased all-atom MD simulations are listed for each
of these representative structures in Table SI. Fig. S4A shows the
location of the corresponding residues involved in these contacts.

Receptor Protomers Interacting at TM1/H8

Fig. 1B shows the FES resulting from the calculation of BIAR
and B2AR at interfaces involving TM1/HS8 as a function of their
separation, 7, and calculated using the CVs illustrated in the inset
of Fig. 1B. As for the TM4/3 interface, the overall shape and
depth of the corresponding curves are similar, albeit not identical,
between the BIAR and B2AR dimers, most likely due to slight
structural divergences between the corresponding reference
structures. For the TM1/HS8 interface, the monomeric state was
defined to be r=5.5-5.9 nm. The primary minimum for each
system at this interface indicates a separation between the
protomers of ~3.7 nm, corresponding to —12.0 kcal/mol and
—12.9 kcal/mol for BIAR and B2AR, respectively. The AGx® of
the TM1/HS8 dimers is approximately —9.7 kcal/mol for BIAR
and —10.0 kcal/mol for B2AR. The reconstructed atomistic
TM1/H8 dimers of BIAR and B2AR obtained in the same way as
previously described, for the TM4/3 interface, are shown in
Fig. 2B. Once again, the relative orientations of the protomers in
these specific configurations involving the TM1/HS8 interfaces
were determined from the FES shown in Fig. S3 as a function of
the angles, 0, and 0,, at r=3.72-3.77 nm for BIAR and r=3.68—
3.72 nm for B2AR. The minima are approximately situated at
®1(0,,0;) =(0.45-0.50, 0.45-0.50). Contacting residues between
the protomers during 1 ns of explicit simulation are listed in Table
S1 and depicted in Fig. S4B.

Discussion

The spatial and temporal organization of GPCRs in living cells
is currently the subject of lively discussion. Although recent
applications of single-molecule approaches are beginning to
address the preferred stoichiometry, lifetime, and ratio of GPCR
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Listed are the depths of the minima in the FES, along with the calculated dimerization constant (Kp), the standard free energy change AGy®, and the estimated lifetime
of each simulated B1AR and B2AR dimer. Confidence intervals are given in parentheses.

dimeric/oligomeric complexes to individual protomers in living
cells, they are unable to provide the molecular details of receptor
association. Biased MD simulations of the type reported here
ensure thorough exploration of the interface for GPCR complex
systems in an explicit lipid bilayer, that can be used to draw
conclusions about relative values of dimerization free energies and
dimer lifetimes.

We have carried out free energy simulations of different GPCR
subtypes interacting at two different interfaces that have been
suggested, by experiment, to form dimers under physiological
conditions. The goal of this study was not to predict the most stable
mterfaces of dimerization for the GPCR systems studied, which
would have required comparison of all possible interfaces, but rather
to investigate the effect of different sequences and/or interface
configurations on the strength of GPCR dimerization at two dimeric
interfaces inferred to be relevant under physiological conditions.

Our study indicates that interfaces involving TM1/HS8 are the
most stable and the most long-lived (minutes) of the two simulated
interfaces for BIAR and B2AR homodimers, based on estimates
derived from the calculated free energies. The orientation of the
protomers in the TM1/HS8 interfacial arrangement is consistent
with the close interaction of R333 in H8 (at 13 A in our dimeric
model), which is the residue at which the greatest energy transfer
was observed in the recent FRET study of B2AR [13] suggesting
spontancous B2AR oligomerization. The dimer corresponding to
the TM4/3 interface appears to be significantly more transient
(hundreds of microseconds to milliseconds) than the TM1/H8
mterface for both receptors.

The similar lifetimes estimated for BIAR and B2AR homodi-
mers interacting at each of the interfaces tested suggest little
difference in temporal organization between these two receptors,
sharply contrasting with implications of the recent FRAP studies of
human BIAR and B2AR [12] that motivated the present work.
However, the possibility cannot be ruled out that the antibody-
mediated capping approach used to immobilize receptors in the
FRAP study might have caused the B2AR and B1AR to prefer
interaction at different interfaces. While the estimated longer
lifetime (minutes) of the B2AR dimer involving TM1/HS8 at the
mterface may be considered in line with the views of the
aforementioned FRAP study [12], the observation contrasts with
inferences from other FRAP studies on dopamine D2 receptors
[21], as well as conclusions of recent single molecule studies on
muscarinic [10] or N-formyl peptide receptor [11] dimers, which
suggest more transient interactions between GPCRs. Although we
cannot set apart the contribution of the different membrane
environments, we suggest that the results of our simulations may
be reconciled with those experimental observations that imply only
short-lived interactions by proposing a model of diffusion that
features more stable receptor dimers, with TMI1 at the interface,
diffusing through the membrane and interacting transiently with
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Figure 2. Atomistic structural representations of representative minima of B1AR and B2AR homodimers for the different interfaces.
Panel A shows a view from the cytoplasmic side of the minima @1 (dark shades) and @2 (lighter shades) for the B1AR (red/pink) and B2AR (blue/light
blue) at the TM4/3 interface. The receptors are represented as helices with the loops removed for clarity, and are aligned on the left-most protomer.
This panel highlights the small difference between the structures at the same separation but with slightly different angle minima. Panel B shows a
view from the cytoplasmic side, of the minima extracted from the FES for the TM1/H8 interface. B1AR is shown in red and B2AR is shown in blue. The
intracellular loops are omitted for clarity, and H8 and TM1 are highlighted to indicate the packing of the helices at the interface. Contacting residues

are listed in Table S1 and depicted in Fig. S4.
doi:10.1371/journal.pcbi.1002649.9002

one another at interfaces involving other TMs, to form short-lived
tetrameric or higher-order arrangements.

By superimposing the TM region of one of the two protomers of
the simulated B2AR dimers on the active B2AR TM region of the
recent crystal structure of the B2AR- Gs complex (PDB ID: 3SN6
[22]) we note interactions of the second protomer with the G-
protein vary, depending on the specific dimeric arrangement of
B2AR (Fig. 3). An interface involving TM4/3 would favor an
exclusive interaction of the B2AR dimer with the alpha-helical
domain of the nucleotide binding Go subunit of the Gs protein
(“GoAH” i Fig. 3A). In contrast, in a B2AR dimeric
arrangement with TM1/HS8 at the interface, the second protomer
would not be involved in significant interactions with any of the G-
protein subunits (Fig. 3B). It must be noted that these proposed
conformations of the B2AR dimer in complex with the Gs were
derived from simple superimposition, and thus would require
additional simulations, beyond the scope of this study, to relieve
the steric clashes arising from our use of the inactive conformation
of the B2AR within the dimeric configurations.

In summary, we have developed a protocol to assess the relative
stability of GPCR dimers comprised of protomers interacting
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symmetrically at different TM regions that is robust within the
standard caveats that apply to using a MARTINI-based CG
model of proteins and membranes. We have recently published
evidence for both small membrane dimeric systems [23] and
GPCRs [20] that our CG simulations produce estimates of relative
dimerization free energies that are in line with experimental data.
Additional validations of the MARTINI model have been
independently reported in the literature (e.g., see [24,25,26]).
We herein demonstrate the dependence on the relative orientation
of the protomers, in as much as the FES as a function of protomer
separation is significantly different for BIAR and B2AR at
interfaces involving either TM4 or TM1. Although the free energy
and lifetime estimates reported herein are somewhat dependent on
the nature of the starting crystal structures, our calculations appear
to be consistent for the different systems we have reported, and
within the limits of the theories we have employed. While this
manuscript was under review, a paper reporting further elabora-
tion of simulation protocols used to study the self-assembly of
rhodopsin  molecules [27], and now coupled with umbrella
sampling calculations similar to those we published on delta
opioid receptor [19,20], has appeared in the literature [28].
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Figure 3. Hypothetical arrangements of B2AR dimers interacting with the Gs protein heterotrimer. The extracellular view of the B2AR-Gs
protein complex (PDB ID: 3SN6) is shown with B2AR in grey cartoon representation, and the Gs heterotrimer, is shown in both cartoon and
transparent surface (o is in orange, B is in cyan and vy is in pale blue). The first protomer of each of our minimum energy dimers for B2AR (©2 for TM4/
3) is superimposed on the B2AR from the crystal structure 3SN6, and the position of the second protomer is shown in a green cartoon representation.
An interface involving TM4 would favor an exclusive interaction of the dimer with the GasAH subunit of the G protein, very close to the G subunit
when the interface is TM4/3 (panel A). In contrast, with TM1/H8 at the interface, the second protomer would not be involved in significant

interactions with any of the G-protein subunits (in B).
doi:10.1371/journal.pcbi.1002649.g003

Notably, the conclusions of these independent simulations about
the relative stability of dimerization interfaces are in agreement
with our calculations.

We are confident that the protocol described herein can be
generalized to begin deciphering the mechanistic details of
dimerization of other GPCRs at a level of molecular detail that
is unattainable using current experimental techniques. Although
we do not expect to obtain an exact correspondence between the
estimated lifetimes of GPCR dimers and those measured
experimentally, our assessment of relative strength of association
at different interfaces can be used constructively to predict specific
interactions at the dimerization interface that might aid the design
of experiments to assess the role of dimerization in receptor
function.

Materials and Methods

Initial Model Systems

Initial molecular models of human BIAR and B2AR were built
using available inactive crystal structures of the turkey BIAR and
human B2AR (PDB identification codes: 2VT4 [29], chain B, and
2RH1 [30], respectively) as structural templates. First, missing
segments in the BIAR and B2AR crystal structures were built
using Rosetta [31]. Specifically, these segments corresponded to
sequence fragments 256-260, 306-310, and 313-317 in the BIAR
and the intracellular loop 3, sequence fragment 231-262, which
had been replaced by a T4 lysozyme in the B2AR crystal
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structure. To restore the broken ionic lock between TM3 and
TMBG6 in the B2AR crystal structure, a standard MD simulation of
100 ns was carried out after embedding the receptor into an
explicit hydrated POPC/10% cholesterol bilayer, following the
procedure described in [32]. The homology model of the human
B1AR was built using Modeller v8 [33] after alignment of the
human and turkey sequences.

Collective Variables (CVs)

The collective variables used in these simulations were the same
as previously described in our earlier publications [19,20], and are
illustrated here in insets of Fig. 1 for each simulated dimeric
arrangement of protomers a and 4. Briefly, these CVs correspond
to (i) the distance, 7, between the centers of mass C, and C,, of the
TM regions of protomers a and b; (i) the rotational angle, 0,,
defined as the arccosine of the inner product of the normalized
vectors connecting the projections onto the plane of the membrane
of the centers of mass of the specific TM(s) at the interface (i.e.,
TM4/3 and TM1/HS8) and of the two TM bundles (C, and C,),
and (i) the equivalent rotational angle, 0,, for the second
protomer. To aid simulation convergence, we restricted the
exploration of 0, and 6,, using steep repulsive potentials, the
details of which are in the SI, Table S2.

Biased MD Simulations
All simulations were performed using GROMACS version 4.0.5
[34] enhanced with the PLUMED plugin [35], and the system
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components were represented using the MARTINI forcefield
[36,37,38] (using the parameters from version 2.1 for the protein
beads, and version 2.0 for POPC and cholesterol), as described in
our previous publications [19,20]. We focused on two dimeric
interfaces that have received experimental validation under
physiological conditions according to recent publications on
GPCRs, specifically those involving TM4 or TMI. The resulting
dimeric configurations are illustrated by cartoons in the insets of
Fig. 1, and correspond to TM4/3 and TM1/HS interfaces. Thus,
initial configurations were built for homodimers of BIAR or
B2AR, as described in our previous publications [19,20].
Subsequently, the dimers were converted to CG representation
and embedded in a pre-equilibrated CG POPC/10% cholesterol
membrane; the system was then solvated and counterions were
added to neutralize the charge and to generate a physiological salt
concentration of 0.1 M. An elastic network was used to restrain the
protein system according to the strategy described in our previous
publication [19]. Briefly, standard secondary structure constraints
were introduced as per the MARTINI prescription; in addition,
following a protocol put forward by Periole and colleagues [38],
we introduced elastic potentials between beads within a cutoff of
9 A to maintain the integrity of the protein tertiary structure. In a
modification of the original implementation, the force constants of
the elastic network were weaker on loops (250 k]J/mol) and
stronger on the helical residues (1000 kJ/mol), with values chosen
by matching the Ca fluctuations to those of a 50 ns, all-atom
simulation of the same system [19]. The mean and standard
deviation of the RMSD of the TM regions, and the whole
receptor, calculated over all the simulations and reported in Table
S3 for each system, demonstrate that the proteins maintained
reasonably native conformations in the TM regions.

Metadynamics simulations [39] were carried out to generate the
starting configurations for the umbrella sampling [40] simulations.
During these metadynamics simulations, Gaussian bias was only
applied to the CV describing the distance between protomers (r up
to values representative of a protomeric system, see Table S2), and
the CVs describing the relative rotation of the protomers (0, and
0,) were restrained to ensure the starting structures all corre-
sponded to interactions at the interface of interest only. Thus, we
limited the sampling of the two rotational angles, 6, and 6,, to a
predefined interval using upper and lower steep repulsive
restraining potentials. Specifically, the upper and lower limits of
this interval were set equidistant either side of the starting values
from the initial dimeric configurations (see Table S1 for the range
of 0, and 0,).

Approximately 40 umbrella sampling windows, were prepared
for each of the dimeric systems with a force constant of 2400 kcal/
(mol'nm?), (see Table S2 for range of separation, 7), and extra
windows were included at values of r where the reweighted
distribution of the distances was found to be insufficiently sampled.
We combined umbrella sampling [40] with well-tempered
metadynamics [39] simulations to ensure thorough exploration
of both the distance and angle space available to the system, for
each of the windows. Thus, in addition to the constant external
harmonic bias of the umbrella sampling algorithm applied to CV,
(e., ), a time-dependent sum of Gaussian biases in the well-
tempered metadynamics algorithm was applied to the angle CVs
(i.e., 0, and 0,).

In contrast to standard metadynamics, the bias potential in well-
tempered metadynamics does not fully compensate the free energy
surface, but rather depends on the underlying bias, decreasing to
zero when a given energy threshold is reached [39]. Thus, not only
does the computational effort remain focused on the physically
relevant regions of the conformational space in these simulations,
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but also the convergence of the algorithm to a correct free energy
profile can be proven rigorously. To ensure proper sampling, we
checked that the chosen CVs could diffuse across one Gaussian size
within the deposition time, so that local instantaneous equilibrium
of the CVs would be satisfied. An improper choice of the bias update
rate and Gaussian size would have resulted in trajectories failing to
show multiple transitions across different minima and dependence
on the initial starting configuration of the systems. None of the
above was observed in our simulations, which showed instead
increasingly fast diffusion of the CV dynamics due to the flattening
of the underlying free energy surface, suggesting a proper sampling
of the phase space of the systems. In all cases, the initial height of the
biasing Gaussians was set to 0.12 kcal/mol, with a deposition stride
of 10 ps, oy = 0.035 radians, and a bias factor of 15. Each window
simulation was run for at least 1 us (and up to 2 ps in regions of »
thought to require additional sampling), resulting in a cumulative
simulation time of ~40 ps for each system, and a total of
approximately 160 us for the two receptor systems.

Finally, using a model potential, we provide (in the SI section)
validation that the accuracy of the method combining umbrella
sampling and metadynamics is comparable to those of standard
multidimensional umbrella sampling or metadynamics (see both
corresponding SI text and Fig. S53).

Reweighting to Remove the Metadynamics Bias

The well-tempered metadynamics bias acting on the angle CVs
distorts the probability distribution of the distance CV, thus
requiring reweighting before equilibrium Boltzmann distributions
could be reconstructed with WHAM. To recover the unbiased
probability distribution of the distance CV from well-tempered
metadynamics, we used the reweighting algorithm originally
derived in [35] and direct the reader to the SI section for a
description of this algorithm, as well as for the parameters used
and additional technical details.

Reconstruction of the Free Energy Surfaces

After recovering the unbiased probability distribution of the
distance GV from well-tempered metadynamics, we used the well-
documented WHAM technique [41,42] to reconstruct, for each
simulated system, the free energy surfaces as a function of the
separation, 7, between protomers (Fig. 1); the technical details are
provided in the SI section. An error analysis of the reconstructed
free energies was carried out combining recently proposed
methods for the error estimation in umbrella sampling [43] and
well-tempered metadynamics [44,45] simulations. Equations used
to estimate these errors are reported in the SI section. For each of
the dimers at the primary minima (in Fig. 1), we have also
reconstructed the FES as a function of the angles 6, and 6,. To
reweight the angle distribution at a fixed protomer separation 7,
i.e., to remove the umbrella bias and obtain unbiased free energies
as a function of the angles, we used the same algorithm as above
[35], but we accounted for the umbrella potential as an external
potential. Fig. S3 shows the FES as a function of (0,,0,) for the
homodimers of the receptors at the two different interfaces. The
minima marked ®1, ®1” and @2 are the principal minima from
which representative minimum structures were extracted.

Converting CG Structures Back to Atomistic
Representations

Upon derivation of the FES as a function of 7 and the angles
(0,,0,), for each dimeric system, we extracted a representative

frame from the trajectory that corresponded to the minima
therein. We then used Pulchra [46] to convert each of the CG
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models to an atomistic representation. These representations were
solvated in an atomistic POPC/10% cholesterol membrane,
energy minimized and simulated with harmonic restraints of
decreasing strength applied to Co atoms for a few picoseconds.
Where necessary, we used an adiabatic biased MD simulation (of
~5 ns) to improve the integrity of the helical structure of the re-
converted receptors, by steering the Co of the transmembrane
regions toward the original atomistic structure of the BIAR or
B2AR (i.e.,, that prior to coarse-graining), before 1 ns of
unrestrained, all-atom simulation, during which the analyses to
obtain the lists of contacts presented in Table S1 were conducted.

Calculation of Thermodynamics Quantities

We can compare the strength of dimerization at each of the
interfaces by the relative values of AGx". In equation 1, we remind
the reader of the formulation for AGx® in equation 5 of [19].
Specifically, the mole fraction standard free energy change can be
expressed as:

AGY% = —RT In(Ky) (1)

where R is the universal gas constant, T is the temperature in
Kelvin and Kx is the association equilibrium constant on the mole
fraction concentration scale. Following our derivation in [19], Kx
is approximately equal to:

K X~ K D & N (2)
A

where Ny, is the number of lipids in the membrane of area A, and
Kp is the dimerization constant expressed as in surface concen-
tration units. For our membrane patch, N; /4 was
~1.65x10° um 2. Using the theory originally proposed by Roux
and colleagues [47] and adapted by us to the case of GPCR dimers
[19], the dimerization constant can be expressed as a function of
the free energy F(r) of the system constrained to a predefined
angular region Qo, where 7 is the distance between the interacting
protomers, Q=(0,0;) describes their relative orientation, and
B=1/kgT. This correction was necessary because the relative
orientation between protomers had been constrained into a region
Q. In such a case, by extending the integral up to the maximum
distance n, allowed for dimeric states, Ky is given by equation (3):

r

D
Kp= HQOH [re—F(r)/kBTdr (3)
0

(2n)*.

Here, | |Qo] |, i.e., the product of the allowed ranges for 0, and 0,
in radians (see SI and details in Table S2), is (max6-min6-
on)?=0.517~0.26 at TM4/3 interfaces, and 0.467=0.22 at
TM1/H8 interfaces.

The above theory can be used to estimate the kinetics of
dimerization by approximating the diffusion-limited association
and dissociation rates, £,,, and 4., at long timescales, following the
Smoulchowski theory in two dimensions [48] (i.e., the membrane
plane). This derivation is the same as that described in [19]. ko, is
given by equation 4:

47ZDC

konmR 4
In(4nDct/R*)—2y “)

where D¢ is the sum of the diffusion constants of the two
protomers, R is the sum of the protomer ratios, and 7y is the
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Euler-Mascheroni constant and t refers to the experimental
timescale of diffusion. Subsequently, k,;=k,,/Kp. An initial
concentration of dimers of [D]y evolves over time to give a
concentration of:

[D] = [D]gexp(— ko 1), (5)

and thus the half-life of dimers can be estimated using:

11, =1n(2) /koyy- (6)

Supporting Information

Figure S1 Residency of lipid and cholesterol molecules
around the interface. Median (solid line) and 1*/3" quartiles
(dotted lines) for the percentage of the trajectory spent within a
minimum distance of 15 A of the interface region for the PO4
headgroup of the POPC lipids (green) and the ROH moiety of the
cholesterol molecules (black).

(PDF)

Figure S2 Some long-resident cholesterol molecules
visit similar positions to those observed in the crystal
structures. This figure shows the B2AR crystal structure
superimposed on the CG structure of the dimer in the first frame
of the 1 us trajectory (after fitting to protomer 1 shown in dark
gray) at the TM1/HS8 interface, at 7=3.70 nm (i.e. the dimeric
minimum). We observed that some of the small number of long-
resident cholesterols near to the TM1/H8 interface (illustrated
here by the ROH bead only, colored by residue, one bead per
frame, over the whole trajectory), congregated in similar positions
to the cholesterol molecules found in the crystal structures of
B2AR (PDB ID: 2RH1,yellow sticks) (e.g. blue, purple beads),
although not exclusively (e.g. red and green beads). Although
much of the trajectory is spent close to the interface, there is some
diffusion around the interface region (green, blue and purple
beads). Some shorter resident cholesterol molecules also visit the
region, but diffuse out quickly, indicated by the small number of
beads (orange).

(PDF)

Figure S3 Free energy surface as a function of 6, and 6,
for the simulated adrenergic receptor homodimers. The
FES is shown for the minima, in (7) from Fig. 1 in the main text.
®1, O’ and ©2 indicate the principal minima in each surface,
from which the representative minimum structures were extracted.
The global minimum in each surface is assigned a value of zero
energy and the remainder of the surface is colored according to its
energy relative to the global minimum, in kcal/mol.

(PDF)

Figure S4 Inter-protomer contacts highlighted for each
interface. Panels show the inter-protomer contacts (as listed in
Table S1) for symmetrical contacting residues in the TM regions
of opposing protomers where the interface is composed of (A)
TM4/3 and (B) TM1/H8. Only one protomer of the dimer is
given. BIAR is shown in red and B2AR is shown in blue. The inset
panels in panel A show the TM4 region for the minima ©2
(BIAR, salmon pink; B2AR, light blue), whilst the full protomer is
shown for minima ®1 for both receptor types. Contacting residues
are labeled according to the Ballesteros-Weinstein numbering
scheme and are colored according to the average separation (x) of
their Cp atoms, during 1 ns of unrestrained atomistic simulation.
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x<7 A is shown in white spheres, 7 A=x<8 A is shown as light
grey spheres, 8 A=x<9 A is shown as mid-grey spheres,
9 A=x<10 A is shown in dark grey spheres, and 10 A=x<11 A
is black.

(PDF)

Figure S5 Plots depicting reconstruction of the free
energy surface of a known potential. From A) 2-dimensional
umbrella sampling, B) 2-dimensional metadynamics, and C)
umbrella sampling combined with metadynamics. The exact
numerical free energy is reported as a blue line in each panel.
(PDF)

Table S1 Average contact distance between symmetric
residues on opposing protomers during 1 ns of unre-
strained simulation. Inter-protomer residue contacts are
defined for an example structure for each system (BIAR, B2AR
at TM1/8 and TM4/3) extracted from the (r, 0,, 0,) minima from
the coarse-grained simulations, reconverted to an atomistic
representation, embedded into an atomistic and explicitly solvated
POPC/10% cholesterol bilayer, and equilibrated and then
simulated for 1 ns. The contacts are symmetric, defined between
the CP of residues in the transmembrane regions only, on the
opposing protomers. In addition to the sequence position, the
Ballesteros-Weinstein numbering is also given. For the TM1/H8
interface, the closest interactions in H8 occur for residue R333 in
the B2AR at 13 A and in the BIAR, for the equivalent R384.

(PDF)
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