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G protein-coupled receptors (GPCRs) are a large class of cell-surface
receptor involved in cellular signaling that are currently the target of over
one third of all clinically approved therapeutics. Classically, an agonist-
bound, active GPCR couples to and activates G proteins through the
receptor intracellular core. To attenuate G protein signaling, the GPCR is
phosphorylated at its C-terminal tail and/or relevant intracellular loops,
allowing for the recruitment of B-arrestins (Barrs). farrs then couple to the
receptor intracellular core in order to mediate receptor desensitization and
internalization. However, our laboratory and others have observed that
some GPCRs are capable of continuously signaling through G protein even
after internalization. This mode of sustained signaling stands in contrast
with our previous understanding of GPCR signaling, and its molecular
mechanism is still not well understood. Recently, we have solved the struc-
ture of a GPCR-G protein—farr megacomplex by cryo-electron micro-
scopy. This ‘megaplex’ structure illustrates the independent and
simultaneous coupling of a G protein to the receptor intracellular core,
and binding of a Parr to a phosphorylated receptor C-terminal tail, with
all three components maintaining their respective canonically active confor-
mations. The structure provides evidence for the ability of a GPCR to acti-
vate G protein even while being bound to and internalized by Parr. It also
reveals that the binding of G protein and Parr to the same GPCR is not
mutually exclusive, and raises a number of future questions to be answered
regarding the mechanism of sustained signaling.

Introduction

G protein-coupled receptors (GPCRs), also known as
seven transmembrane receptors, are the largest family
of cell-surface receptors involved in the signaling and
regulation of many physiological processes [1-3]. They
are also highly dynamic proteins capable of sampling a
number of inactive and active conformations at basal
conditions [4]. GPCRs are capable of binding an array

Abbreviations

of ligands, from small molecules to polypeptides,
which shifts their conformational equilibria toward
active states. The shift toward active receptor confor-
mations favors the interaction of signal transducers
such as heterotrimeric G proteins (Gafy) to the intra-
cellular core of the receptor (Fig. 1) [4]. Upon cou-
pling to the receptor, a guanosine diphosphate-bound

cAMP, cyclic adenosine monophosphate; GPCRs, G protein-coupled receptors; GRK, G protein-coupled receptor kinase; ICL, intracellular
loop; Nb32, nanobody 32; Nb35, nanobody 35; TM, transmembrane helix; V,R, vasopressin receptor type 2; V,T, V,R tail; BAR, B

adrenergic receptor; Barr, beta-arrestin.
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G protein heterotrimer undergoes nucleotide exchange
to GTP, causing activation and dissociation of the
GTP-bound Ga subunit from the Gy subunit (Fig. 1)
[1,4]. G protein activation allows for the Ga subunit
to interact with enzymes such as adenylyl cyclase,
spurring the generation of second messenger molecules
such as cyclic AMP (cAMP) (Fig. 1). These second
messenger molecules continue a cascade that eventu-
ally leads to physiological responses.

To prevent overstimulation, a GPCR kinase (GRK)
phosphorylates serine and threonine residues on the
receptor, most often within its C-terminal tail or intra-
cellular loop (ICL; Fig. 1) [2,3]. This facilitates binding
of the adapter protein beta-arrestin (Barr), which com-
petes with G protein to bind to the receptor intracellu-
lar core, thus blocking further G protein coupling and
attenuating G protein signaling [5,6]. Subsequently,
through scaffolding of endocytic proteins such as
adapter protein 2 and clathrin, Barr initiates the inter-
nalization of the receptor-farr complex (Fig. 1) [3,7].
After internalization, the GPCR—Barr complex is either
(a) quickly recycled back to the plasma membrane for
GPCRs that interact transiently with Parr (class A
GPCRs) or (b) remains internalized in endosomes and
is subsequently degraded, for GPCRs that interact
strongly with Parr (class B GPCRs; Fig. 1) [8-10].
Notably, the abundance of serine/threonine clusters
within a class B GPCR C-terminal tail or relevant ICL
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Fig 1. Pathway detailing the activation and

interaction of a GPCR with transducers, cAMP
leading to sustained signaling within

endosomes through the formation of

megaplexes.
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allows for a stronger interaction with Parr, whereas
class A GPCRs have less abundant serine/threonine
clusters in these regions, leading to a more transient
GPCR-farr interaction [8,9]. Barr is a signaling mole-
cule in its own right, capable of activating molecular
pathways that are distinct from those associated with
G protein, most notably through scaffolding of numer-
ous mitogen-activated protein kinase cascades [2,3].
For many decades, this ‘classical’ view of GPCR sig-
naling implies that (a) G protein signaling occur pri-
marily at the plasma membrane and (b) Parr and G
protein binding to a receptor is mutually exclusive. To
add another layer of complexity, a number of GPCRs
have been reported to engage in sustained G protein
signaling even after receptor internalization [11-14].
This is inconsistent with our current understanding of
desensitization, which proposes that Barr coupling to a
receptor blocks further G protein coupling, therefore
attenuating further G protein signaling. Through real-
time cellular cAMP measurements within cells, we and
others further report that some GPCRs are indeed
capable of continuously producing second messenger
molecules in a sustained fashion even after receptor
internalization into endosomes. More specifically,
recent reports indicate that this sustained phase of
cAMP production is enhanced by Barr [13,15]. This
view starkly contrasts with the abovementioned ‘classi-
cal’ view, which indicates that Barr primarily acts as a
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desensitizer of G protein signaling as well as an inde-
pendent signaling molecule [2,5,6].

Recently, we have shown that Barr can adopt two
overall conformations when bound to a GPCR: (a) a
‘tail’ conformation whereby the Parr only attaches to
the receptor phosphorylated tail and (b) a ‘core’ con-
formation whereby Parr additionally engages the
receptor intracellular core via its finger loop (Fig. 1)
[16]. Additionally, we and others have also shown that
a Parr in the tail conformation is fully capable of per-
forming its canonical functions (i.e., signaling and
receptor internalization), with the exception of desensi-
tization of G protein signaling, which is performed
exclusively by the receptor core-engaged Parr [17,18].
Taken together, we posit that the receptor core would
still be unoccupied in the tail conformation of a
GPCR-Barr complex and thus could additionally
accommodate the coupling of a G protein, forming a
GPCR-G protein—Parr megacomplex (Fig. 1). Such a
‘megaplex’ would provide a biophysical explanation
for (a) the ability of an internalized GPCR—Barr com-
plex in the tail conformation to continue to signal
from within endosomes, (b) the ability of a receptor to
signal in a sustained fashion which is somehow
enhanced by the presence of Parr, and (c) the fact that
a large majority of receptors that have been observed
to signal from within endosomes are class B GPCRs
[12,13,15,19,20].

Using bioluminescent resonance energy transfer
(BRET), cellular imaging, and in vitro assays, we
have recently shown that a GPCR-G, protein—Parr
megaplex does indeed form with the prototypical
class B vasopressin receptor type 2 (V,R), as well as
the B,V,R, a chimeric GPCR with the first 341 resi-
dues of the B, adrenergic receptor (B,AR) combined
with the last 29 amino acids of the V,R C-terminal
tail (V,T) [21]. The B,V,R maintains the pharmaco-
logical properties of the wild-type P,AR and inter-
acts strongly with Parrs and signals comparably to
the class B V,R. We additionally showed that a G
protein within a megaplex could be activated and
could still undergo nucleotide exchange in vitro [21].
However, the structure of such a megaplex was still
unknown, and thus raised a number of questions:
(a) Are the conformations of each megaplex compo-
nent (i.e., the GPCR, G protein, and Parr) different
from their canonically active ones and (b) are there
additional contacts between Parr and G protein that
were previously unappreciated? To answer these
questions, and to obtain higher resolution informa-
tion regarding the architecture of the megaplex, we
sought to obtain its structure using cryo-electron
microscopy.
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Megaplex purification and structure
solution

In order to form a stable megaplex in vitro amenable
to structural determination, we sought to first form
the B,V,R—Parr complex. Initially, we coexpress the
BoV,R, Parrl, and a prenylated GRK2 (GRK2-
CAAX) in Spodoptera frugiperda 9 (sf9) cells (Fig. 2)
[16]. Upon stimulation of the B,V,R by the high-affin-
ity BoAR agonist BI-167107 (BI), GRK2-CAAX facili-
tates the phosphorylation of the V,T, leading to
recruitment of Parrl. As the cells are lysed, a confor-
mation-specific antibody fragment, Fab30, is added to
stabilize the B,V,R—Parrl complex (Fig. 2). Fab30
binds specifically to an active Parrl bound to the phos-
phorylated V,T and has been previously shown to be
crucial in stabilizing the B,V,R—Barrl complex [16,22].
The stabilized complex is then solubilized by the deter-
gent lauryl maltose neopentyl glycol (LMNG), after
which it is additionally purified by coimmunoprecipita-
tion of a Flag-tag on the B,V,R and subjected to size
exclusion chromatography [16]. Finally, the heterotri-
meric G, protein and two stabilizing nanobodies,
nanobody 32 (Nb32) and nanobody 35 (Nb35), are
added to the purified B,V,R—Barrl complex, followed
by an additional round of Flag coimmunoprecipita-
tion, to arrive at a stabilized B,V,R-G; protein—Parrl
megaplex (Fig. 2).

The entire complex could not be refined past 7 A,
owing to the relative flexibility of megaplex compo-
nents [23]. Further analysis of this low-resolution map
reveals that the Nb35-stabilized G, heterotrimer indeed
couples to the intracellular core of the B,V,R, with the
Barrl binding to the flexible V,T (Fig. 3A and center).
As the Fab30 and Nb32 bind to this flexible V,T, a
significant portion of this complex is flexible compared
with the B,V,R-Gg protein—-Nb32 portion. To circum-
vent this flexibility, we computationally analyzed the
B,VoR-G, protein—Nb32 and Nb32-V,T- Parrl-
Fab30 subcomplexes separately, which led to two sepa-
rate reconstructions at 3.8 and 4.0 A, respectively [23].
We then aligned these two reconstructions to the over-
all complex reconstruction, allowing us to analyze all
relevant megaplex interactions (Fig. 3A and center).

Architecture of the megaplex

The receptor in the megaplex adopts a canonically
active conformation, and the G protein engages the
intracellular core of the B,V,R in a similar manner to
the previously reported B,AR—Gg crystal structure, pri-
marily due to contacts between the Gy o5 helix with
transmembrane helix (TM) 3, TMS5, and TM6 of the
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B,V,R-Gs—Barr1
Megaplex

Fig 2. In vitro formation and purification of
the megaplex.

receptor (Fig. 3B) [23,24]. G, also stabilizes the flexible
ICL 2 into an alpha helix, and together with residues
of the Gy a5 helix, ICL2 interacts with the highly con-
served DRY motif of the receptor, which leads to the
stabilization of the B,V,R in an active conformation
(Fig. 3B) [23,24]. It is interesting to note that the
active conformation of the B,V,R, Gg, and their inter-
actions within the megaplex are not changed compared
with a B,AR-Gg crystal structure, which suggests that
G protein is being activated in a canonical fashion by
a megaplex GPCR.

The Parrl-V,T region of the megaplex is addition-
ally stabilized by Fab30 and Nb32, and displays Barrl
in the active conformation, as evident by a 20° rota-
tion of its N-terminal and C-terminal lobes (Fig. 3A).
From our structure, we identified six phosphorylated
residues on the V,T: pS357, pT359, pT360, pS362,
pS363, and pS364. All of these residues, with the
exception of pT359, form electrostatic interactions
with various lysines and arginines on Parrl (Fig. 3C)
[23]. Interestingly, only the first four residues (pS357,
pT359, pT360, and pS362) were phosphorylated upon
agonist stimulation, which suggests that their phospho-
rylation may be GRK2-dependent and contribute sig-
nificantly to the recruitment and activation of Barrl
[23]. In order to simulate how a megaplex behaves in a
membranous environment, we employed coarse-
grained molecular dynamics (MD) simulation of a

Nb32 Nb35

-—
Flag co-immuno- Size Exclusion
precipitation Chromatography
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Gs Heterotrimer

00

MNG Solubilization

B,V,R-parr1
complex

BoVoR-Gg protein—Parrl megaplex in a membrane
composed of dipalmitoylphosphatidylcholine [23]. The
MD analysis utilizes three possible starting positions
of a Parrl bound to the tail of a B,V,R that is also
simultaneously coupled to a Gs protein. Fig. 3D illus-
trates two orthogonal views of a final frame of the
MD simulation, showing three separate coarse-grained
models that have each been aligned by the B,V,R-G,
portion of the megaplex in order to show the three dif-
ferent positions of Parrl. The analysis reveals that Par-
rl moves freely in the lateral direction in relation to
the membrane, with its vertical movement limited by
the actual membrane itself [23]. Importantly, we
observe that the C-edge loops of Parrl, a series of flex-
ible loops located at the edge of the C-terminal lobe of
Barrl, form transient interactions with the membrane
(Fig. 3D) [23]. The Barr C-edge loop has been shown
to form interactions with the membrane while bound
to a GPCR and is observed to be a critical element in
maintaining the ‘core’ interaction of GPCR-arrestin
complexes [25-27]. However, our molecular dynamics
evidence shows that a GPCR tail-bound Parrl in a
megaplex can also form such membrane interactions
[23]. This raises interesting questions regarding the role
of Barr tethering within endosomal compartments and
also raises the possibility that an active Parrl can
potentially associate with the membrane without inter-
acting with the GPCR core.
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©Barr1 (MD position 1) !
OBarr1 (MD position 2) !
@Barr1 (MD position 3) !

Fig 3. (center) Structure of the B,V,R-Gs protein—Barr1 megaplex with all stabilizing protein components removed. (A) Same as in center,
but with all stabilizing proteins shown. (B) Interaction between the Gs o5 helix of Gs protein and the B,V,R. Critical receptor residues within
the DRY motif and ICL2 are labeled. (C) Binding interface between the phosphorylated B,V2R tail (V,T) and Barr1, with phosphorylated V,T
residues labeled. (D) Orthogonal views of the final frame of a coarse-grained molecular dynamics simulation of a megaplex with three
coarse-grained models that each differ in their Barr1 position relative to the B,V,R-Gs protein portion of the megaplex. Circles indicate
contacts observed between the Barr1 C-edge loops with the membrane.

Finally, our structure highlights that a single recep-
tor can modularly and simultaneously activate G
protein and Parrl. The activation of one transducer
does not in any way hinder the activation of the
other, as each transducer binds to a different motif
on the same GPCR. To further illustrate this point,
we show using Parr CRISPR knockout cells that
BoVoR—Barrl fusion proteins perform sustained G
protein signaling almost identically to a B,V,R [23].
This experiment suggests that the close proximity of
Barrl through covalent linkage does not significantly
hinder the ability of class B GPCRs to perform sus-
tained signaling.

Concluding remarks and perspective

While recent evidence has highlighted the importance
of endosomal signaling for an ever-increasing number
of GPCRs, its full molecular mechanism remains to be
elucidated. Our megaplex structure presented herein
illustrates that the binding of G protein and Parr to a
receptor is not mutually exclusive and provides a bio-
physical explanation for the ability of a GPCR to con-
tinue signaling through G protein while being
internalized by Parr. The megaplex and the phe-
nomenon of sustained signaling raise a number of
interesting questions: (a) What is the signaling function
of a PBarr in the context of a megaplex and (b) what is
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the physiological consequence of sustained G protein
signaling?

Previous studies presented above collectively illus-
trate that Parr may enhance the sustained phase of G
protein signaling for some GPCRs. Is Barr acting as a
trafficking molecule, extending the receptor’s ability to
activate G protein by keeping the receptor internalized
within endosomes? Or is Parr extending G protein sig-
naling through another mechanism? Some evidence
suggests that a receptor-bound Parr is enhancing G
protein signaling by binding to the Gy subunit after
it dissociates from the Ga subunit, forming a GPCR—
Gpy—Parr complex. In this complex, it is theorized that
Barr tethers GPy nearby in order to regenerate a com-
petent G protein heterotrimer to hasten second mes-
senger generation in endosomes [15]. Indeed, we have
previously shown that that purified GBy interacts with
the B,V,R—Parrl complex and that the B,V,R—Parrl
complex interacts more strongly with GBy from G
heterotrimers after separation between the Gog and
Gpy was induced by a nonhydrolyzable GTP analog
[21]. The formation of a megaplex and a GPCR-Gy-
Barr complex highlights the codependency between G
protein and Barr signaling. Equally as interesting is the
question of whether a megaplex Parr can perform its
own G protein-independent signaling. We and others
have discovered that the tail conformation of a
GPCR-Barr complex is capable of signaling through
scaffolding MAP kinases [17,18]. It is tempting to
speculate whether an active Parr within a megaplex
can also scaffold additional effectors and function
much like an active, receptor-bound Parr.

The regulation of sustained, endosomal G protein
signaling remains an important area of future investi-
gations. For example, how does the acidic lumen of
endosomes influence GPCR-mediated signaling? What
role does adenylyl cyclase subtypes play in cAMP gen-
eration? And what is the eventual fate of megaplexes
after endocytosis? It has been hypothesized that for
endosomal signaling to occur, the receptor-ligand
complex must be of sufficiently high affinity to with-
stand the acidic lumen of endosomes. Indeed, one
study show that for the class B parathyroid hormone
receptor (PTHR), acidification of endosomal lumina
promotes dissociation of parathyroid hormone from
the PTHR, leading to gradual attenuation of endoso-
mal G protein signaling. Inhibition of vacuolar
ATPases responsible for intraluminal acidification of
endosomes led to an increase in the duration of cAMP
generation [28]. Given that many class B GPCRs such
as the V,R are known to recycle slowly, it is possible
that lysosomal degradation of megaplexes play a role
in signaling termination [29,30]. However, some data

GPCR megacomplexes mediates endosomal signaling

implicate the recycling machinery in attenuating endo-
somal signaling [13].

Much remains to be discovered regarding the role
of adenylyl cyclase in sustained signaling. A recent
study has shown that endosomal cAMP may poten-
tially arise from only certain subtypes of adenylyl
cyclases that have been selectively trafficked to endo-
somes [31]. Subtypes of adenylyl cyclases have been
known to be differentially compartmentalized, and it
is tempting to speculate that these subtypes may
play a different role or lead to different cellular
responses with respect to compartmentalized G pro-
tein signaling.

Finally, emerging data suggest that the second mes-
senger molecules generated during this late phase of G
protein signaling lead to different physiological conse-
quences than those generated during the early phase.
A prominent example of this difference has been
shown for the parathyroid hormone receptor: modula-
tion of this receptor by short-acting or long-acting
parathyroid hormones leads to acute or sustained
cAMP generation, leading to either an acute or pro-
longed hypercalcemic state in mice [32,33]. Sustained
signaling has also been shown to be responsible for
pain sensation and analgesia through the neurokinin 1
receptor and S-opiod receptors [34,35]. As additional
physiological consequences for sustained signaling
within endosomes are discovered, one can already
envision that specifically targeting this late phase of G
protein signaling may potentially impart spatial and
temporal ‘bias’ to the types of responses elicited. To
fully realize this goal, we need now to characterize at a
molecular level how sustained signaling is mediated
through additional structural/cellular investigations,
and our structure of the megaplex will hopefully serve
as an important first step.
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