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Abstract: G protein-coupled receptors (GPCRs) constitute the largest family of cell surface receptors
that mediate numerous cell signaling pathways, and are targets of more than one-third of clinical
drugs. Thanks to the advancement of novel structural biology technologies, high-resolution structures
of GPCRs in complex with their signaling transducers, including G-protein and arrestin, have been
determined. These 3D complex structures have significantly improved our understanding of the molec-
ular mechanism of GPCR signaling and provided a structural basis for signaling-biased drug discovery
targeting GPCRs. Here we summarize structural studies of GPCR signaling complexes with G protein
and arrestin using rhodopsin as a model system, and highlight the key features of GPCR conforma-
tional states in biased signaling including the sequence motifs of receptor TM6 that determine selec-
tive coupling of G proteins, and the phosphorylation codes of GPCRs for arrestin recruitment. We
envision the future of GPCR structural biology not only to solve more high-resolution complex struc-
tures but also to show stepwise GPCR signaling complex assembly and disassembly and dynamic pro-
cess of GPCR signal transduction.
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Introduction
G protein-coupled receptors (GPCRs) represent a
superfamily of cell surface receptors. They regulate
numerous physiological processes and serve as

targets of a large number of pharmaceutical drugs for
various human diseases.1–4 When stimulated by
extracellular signals, GPCRs couple to intracellular
heterotrimeric G proteins, and mediate the exchange
of GDP for GTP in the Gα subunits. GTP binding acti-
vates the Gα subunit and induces dissociation of the
Gα from the GPCR and the dimeric Gβγ subunits.
Both the GTP-bound Gα and the dissociated Gβγ in
turn regulate downstream signaling events through
binding to downstream effectors.5 G protein-mediated
signaling can be terminated when a GPCR kinase
(GRK) is recruited and phosphorylates the GPCR.
Receptor phosphorylation promotes the GPCR to bind
to arrestin, initiating receptor internalization that
leads to receptor recycling or degradation, or redirect-
ing the signaling to arrestin-mediated pathways.

Up to now, over one hundred GPCR structures
have been solved in either agonist- or antagonist-
bound conformations (http://gpcrdb.org), leading to
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accumulated understanding of the structural mecha-
nism of ligand-induced conformational changes in
GPCRs. Structure determination of GPCRs in com-
plex with their signal transducers, however, is still
challenging due to the transient and dynamic interac-
tions of GPCRs with their signaling partners.

The crystal structure of the β2-adrenergic recep-
tor (β2AR) in complex with the stimulatory Gs pro-
tein was determined in 2011, with the help of a
stabilizing nanobody (Nb35) that binds to the G pro-
tein.6 This complex structure has demonstrated that
an activated GPCR recruits Gs protein by binding to
its Gα subunit through the cytoplasmic portion of the
transmembrane helical domain (TMD) of the recep-
tor. The interface between GPCR and G protein con-
sists of two parts. The first interface is formed
between the transmembrane helices (TM) 5 and
6 and the intracellular loop (ICL) 3 of the receptor
(β2AR TM5-ICL3-TM6), and the Gα C-terminal
domain, specifically the C-terminal helices (α) 4 and
5 and the β-strand (β) 6 of the Ras-like domain of the
Gα subunit (Gα α4-β6-α5). The second interface is
formed between ICL2 of the receptor and the Gα C-
terminal end of the N-terminal helix (αN), the central
β-sheet, and α5 of the Gs α subunit. The same princi-
pal GPCR–G protein interface was observed in a crys-
tal structure of the adenosine A2A receptor bound to
an engineered mini-Gs protein, which consists solely
of the Ras-like GTPase domain of the G protein.7 The
first GPCR–arrestin complex structure, rhodopsin in
complex with visual arrestin, was solved by our
group.8,9 This is so far the only high-resolution
GPCR–arrestin complex structure that shows the
overall GPCR–arrestin assembly, and thus provides
important insight into structural understanding of
GPCR signaling mediated by arrestin.`

Since 2017, we have witnessed a tremendous pro-
gress in GPCR structural biology using cryo-EM. The
first two cryo-EM GPCR complex structures were deter-
mined for glucagon-like peptide 1 receptor (GLP1R)
and calcitonin receptor (CTR), both in complex with the
stimulatory Gs protein.10,11 Entering 2018, a cryo-EM
structure of rhodopsin in complex with Gi, a homologue
of the G protein transducin, and three other structures,
μ-opioid receptor (μOR) –Gi complex, adenosine A1

receptor (A1R)-Gi complex, and serotonin 5-HT1bR in
complex with Go, have been reported.12–15 Most
recently, a crystal structure of bovine rhodopsin in com-
plex with a mini-Go that includes the Ras domain of
Gαo subunit, was published.16

Rhodopsin is a prototypical GPCR that has
served as a model system for structural and biological
studies of the whole superfamily of GPCRs. It plays a
key role as a photoreceptor in the rod cells of the ret-
ina, responsible for converting photons into chemical
signals that stimulate biological processes in the ner-
vous system to perceive light. Rhodopsin adopts an
inactive conformation when bound to its inverse

agonist 11-cis retinal. Light-induced isomerization of
11-cis retinal to all-trans retinal triggers conforma-
tional changes in rhodopsin that facilitate the open-
ing of an intracellular pocket of the 7TM domain of
the receptor. This pocket accommodates the binding
of the G protein transducin, a visual-specific G pro-
tein belonging to the Gi subgroup that is responsible
for photon perception in humans and animals. Upon
rhodopsin activation, the GTP-bound α subunit of
transducin activates cGMP phosphodiesterase, lead-
ing to cGMP hydrolysis and the closing of cGMP-
gated cation channels. This causes the hyperpolariza-
tion of the photoreceptor cell, and the build-up of a
charge difference across the membrane of the cells to
send an electrical impulse to the brain through adja-
cent nerve cells for photon perception.

The crystal structure of ground-state bovine rho-
dopsin in complex with the reverse agonist 11-cis-
retinal was the first high-resolution GPCR structure
solved by X-ray crystallography.17–20 Later, crystal
structures have been published for rhodopsin and its
retinal-free form opsin in active conformations, with or
without the binding of a peptide derived from the C-
terminal helix α5 of the α subunit of G protein transdu-
cin (Gt).21–25 The overall structural information of how
rhodopsin recruits its downstream signaling partners,
the G protein transducin and visual arrestin, however,
had not been available until the structures of
rhodopsin–visual arrestin and rhodopsin-Gi complexes
were determined.8,9,26 As rhodopsin serves as a proto-
type for the GPCR family, the discovery of the struc-
tural information of these complexes has significantly
impacted the understanding of the signaling mecha-
nisms of the entire GPCR superfamily.

During the revision of this manuscript, Glukhova
et al. published a review paper that summarized
recently reported GPCR-G protein complex struc-
tures.27 By comparing all available GPCR-G protein
complex structures, they proposed general rules for
GPCR-G protein engagement, and identified receptor
regions that are selectively involved in binding to Gs
or Gi/o. In this review, we focus on the structural
studies of the rhodopsin-Gi and rhodopsin–visual
arrestin complexes. Based on these structures, we
discuss the underlying molecular mechanisms for the
recruitment and activation of the receptor’s signaling
partners, G protein and visual arrestin, and G
protein- and arrestin-mediated signaling by rhodop-
sin and other GPCRs.

GPCR–G Protein Interaction

Rhodopsin–Gi protein interaction
G proteins are signal transducers that play a key role
in regulating GPCR signal transduction.28 G proteins
are composed of three different subunits: α, β, and γ.
The α subunit contains a Ras-like GTPase domain
and an α-helical domain (AHD), with a guanine
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nucleotide (GDP or GTP) binding site between the
two domains. The Gβ and Gγ subunits tightly bind to
each other as a dimeric protein complex. G proteins
are classified into four subfamilies, Gs, Gi/o, Gq/11,
and G12/13, based on sequence homology of their Gα
subunit. Each G protein subfamily contains members
that play distinct roles in GPCR signaling transduc-
tion.29 While there is so far no published GPCR struc-
tures in complex with Gq/11 or G12/13 proteins,
GPCR structures in complex with Gs (Gs group), and
Gi and Go (both belong to the Gi group) have been
reported. The Gs proteins stimulate the production of
cAMP second messengers by activating adenylyl
cyclase, while the Gi/o family members reduce intra-
cellular cAMP levels through repressing adenylyl
cyclase activity or activating phosphodiesterases.30

Gi belongs to the same G protein family as trans-
ducin, and functions exchangeably with transducin in
cellular and biochemical in vitro assays.31–33 Thus,
the 3D structure of activated rhodopsin in complex
with Gi is a good model for the binding mode of G
protein transducin with rhodopsin and provides
structural insights of photon perception through
rhodopsin–G protein signaling.

While the receptors in the GPCR–Gs complexes
of known structures also interact with Gβγ, the inter-
face between rhodopsin and the Gi is exclusively
maintained by the Gα subunit. The major interface
between rhodopsin and Gαi is formed between the
very C-terminus of the Gα subunit (Residues 337–350
of α5 and Residues 351–354 of the adjacent
C-terminal loop) and the intracellular TM pocket of
rhodopsin [Fig. 1(A,B)]. The interface is largely medi-
ated by hydrophobic interaction through G protein
residues I344, L348, and C351 on α5, and L353 and
F354 on the C-terminal loop, with their side chains
inserting into the intracellular pocket of the receptor,
interacting with residues L72 and L76 on TM2, V138

and V139 on TM3, L226 and V230 on TM5, A246,
V250, M253, and Y257 on TM6, and M309 at the turn
between TM7 and Helix 8 [Fig. 1(B)]. In addition, we
observed two sets of electrostatic interactions:
between the carboxyl group of the last residue of Gα,
F354, and Rho K311 at the N-terminus of Helix 8;
and polar associations between carbonyl oxygens of
the C-terminal loop of the Gα protein and amide
nitrogens from M309, N310, and K311 of the receptor
[Fig. 1(B)]. These polar interactions, noted as “cap-
ping interactions”, serve as one of the distinguished
features for GPCR-Gi or -Go coupling, are not
observed in GPCR–Gs complexes.26

Specificity of GPCR–G protein interaction: Gs
versus Gi/o
The rhodopsin–Gi complex structure, together with
other GPCR–G protein complex structures6,10–15

allows us to study molecular mechanisms of the
recruitment and activation of different G protein sub-
families. We observed similar overall complex assem-
blies of GPCRs with Gi or Gs proteins, with a
conserved major interface between the α5 helices of
Gα and the intracellular binding pockets of the recep-
tors including helices TM3, TM5, TM6, TM7, and
Helix 8. These GPCR–G protein complexes, however,
also exhibit interesting details that differ in their
receptor–G protein interfaces, particularly in α5 heli-
ces of G proteins with TM6, TM7 and Helix 8 of the
cytoplasmic TM pockets of the receptors. Some of
these differences are G protein subfamily-dependent
and are likely relevant to their distinct functions in G
protein mediated signaling.

Rhodopsin and β2AR represent well-studied class
A GPCRs that bind to Gi and Gs, respectively. In
their inactive states, both receptors adopt similar
closed conformations with their cytoplasmic ends of
TM helices and Helix 8 in nearly identical positions.

Figure 1. Rhodopsin–Gi assembly. (A) Two views of the rhodopsin-Gi protein-Fab complex structure (human rhodopsin with
human Gαi/rat Gβ1/Bovine Gγ2; PDB code: 6CMO). Rhodopsin is colored in dark green, Gαi Ras domain in magenta, Gαi α helical
domain (AHD) in red, Gβ in blue, Gγ in yellow, and the Fab in gray. The key structure interface elements of Gαi with rhodopsin, α5
and αN, are labeled.(B) Structure interface between the rhodopsin TM pocket and α5 of Gαi. The key interface residues are labeled;
hydrophobic residues in the rhodopsin TM pocket that interact with α5 of Gαi are depicted in gray surface presentation. The same
color code is used as in panel A.
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Receptor activation induces conformational changes
in the TM domains of the receptors, resulting in dif-
ferent active conformations, particularly in cytoplas-
mic ends of TM6 and TM7, and the turn between
TM7 and Helix 8, for differentially accommodating Gi
and Gs [Fig. 2(A,B)]. Alignment of rhodopsin-Gi with
β2AR-Gs structures shows that the intracellular end
of the TM6 of the Gs-bound β2AR is tilted outward by
approximately 8 Å compared with that of the Gi-
bound rhodopsin, which is relatively straight. Corre-
spondingly, the α5 helix of β2AR-bound Gs is inserted
upward in the TM pocket and tilted towards the
intracellular end of the TM6 of the receptor. We
observed that the α5 helix of rhodopsin-bound Gi is
positioned about 3.5 Å away from that of β2AR-bound
Gs in the TM pocket, and the two α5 helices orient

differently, with a 20� angle between each other,
when rhodopsin and β2AR are aligned [Fig. 2(A,B)].

The different conformations of TM6 between Gi-
and Gs-coupling receptors and their distinct binding
to α5 of those two G proteins are also observed in
other available GPCR–G protein complex structures.
Gs-coupling receptors exhibit strongly bent TM6 and
more widely opened TM pockets, while Gi- or Go-
coupling receptors show relatively straight TM6 heli-
ces and narrowly opened intracellular TM pockets.
Correspondingly, α5 of Gαs is tilted up to maintain a
close interaction with the outward bent TM6 of a Gs-
coupling receptor, compared with that of Gi or Go,
which is positioned relatively further down in the TM
pocket, matching the relatively straight TM6 of a Gi-
or Go-coupling receptor [Fig. 2(C,D)].

Figure 2. Specificity of GPCR–G protein interaction. (A) The orientations of α5 of Gαi (magenta) and Gαs (yellow) in their
complexes with rhodopsin (dark green) and β2AR (blue), respectively. Rhodopsin-bound Gi is about 20� twisted in a clockwise
direction compared with β2AR-bound Gs when viewed from the intracellular end of the receptors. (B) The α5 of Gαs in the β2AR-
Gs complex is upward-positioned and closer to TM6 of the receptor than that of Gi in rhodopsin-Gi complexes. The α5 of Gi
positioned about 3.5 Å away from that of Gs in the TM pocket. The color code is the same as in Panel A. (C) GPCR–G protein
complex structures. From left to right: β2AR-Gs (PDB: 3SN6), CTR-Gs (PDB: 5UZ7), μOR-Gi (PDB: 6DDE), and 5-HT1BR-Go (PDB:
6G79). Key structural elements of the complexes are labeled. TM6 of each of the receptor is highlighted by darker colors.
(D) Different orientation of the structures shown in Panel C to highlight the ICL2 conformations.
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The conformational differences in TM6 helices of
Gi- or Gs-coupling GPCRs have been verified by all-
atom mollified adaptive biasing potential (mABP)
simulation. The biased simulations indicated that the
intracellular ends of TM6 helices of Gi-coupling rho-
dopsin and μOR were considerably less dynamic and
remained in a more straight conformation, whereas
those of Gs-coupling β2AR and A2AR favored an out-
ward tilted conformation.26

Sequence analysis revealed distinct patterns of
polar/positively charged and hydrophobic residues as
well as secondary structure-destabilizing glycines at
six TM6 positions TM6.31/34/35/36/38/42, of Class A
GPCRs. These patterns are likely related to the dif-
ferent conformations of the intracellular ends of TM6
helices of GPCRs for differentially coupling Gs or Gi
proteins [Fig. 3(A,B)]. Positions TM6.31/34/35 are
located at the cytosolic surface of the bilayer mem-
brane, which differ between Gs- and Gi−/Go-coupling
receptors [Fig. 3(C,D)]. Gi-coupling receptors exhibit
patterns of polar or positively charged residues at
TM6.31 and TM6.35, which can stabilize a straight
conformation of the intracellular ends of TM6 heli-
ces among the negatively charged lipid heads or
being exposed to cytosol, while Gs-coupling recep-
tors show high probability of hydrophobic patterns
at TM6.31 and TM6.34 to favor an outward move-
ment of the intracellular ends of TM6 and allow
those hydrophobic residues to bury inside the lipid
layers of the membrane [Fig. 3(A–D)]. Position
TM6.36 is at the back side of TM6. This position has
a high probability of hydrophobic residues in
Gi-coupling receptors, but is occupied by Thr/Ser in
72% of the Gs-coupling receptors. Thr or Ser at this
position can form hydrogen bonds with the car-
bonyl oxygen of the residue that precedes the
Ser/Thr by four positions (i-4), which stabilizes the
bent conformation of the TM6 of a Gs-coupling
receptor [Fig. 3(A–D)]. We also observed a highly
conserved Gly at TM6.42 of Gs-coupling GPCRs.
This Gly at TM6.42 of Gs-couplers allows more
flexibility for the TM6 of those receptors to adopt
an outwardly tilted conformation26 [Fig. 3(A–D)].
Based on these observations, we derived a TM6
sequence motif of ΦXXΦXT/SXXXXXG (where Φ is
a hydrophobic residue, X is any residue, T is threo-
nine, S is serine and G is glycine) from TM6 resi-
dues 6.31 through 6.42 for Gs-coupling receptors.
Correspondingly, a TM6 sequence motif of
θXXXθΦXΦXXXX (where θ is a polar residue) is
derived for Gi-coupled receptors [Fig. 3(C,D)].

While class A GPCRs can couple both Gs and
Gi/o subfamilies, Class B GPCRs predominantly
recruit Gs protein for signal transduction. The avail-
able Gs-bound Class B GPCR structures displayed
conserved outwardly bent TM6 helices similar to
those of Gs-coupling Class A receptors. The TM6
sequences of the Class B GPCRs show distinct

conserved patterns, which, however, are different
from those of Class A GPCRs [Fig. 3(E–G)].

We observed a pronounced kink in TM6 in the
structures of Gs-bound CTR and GLP1R at the region
of TM6.47–50. This corresponds to conserved residues
P6.47 and G6.50 on TM6 of these Class B receptors,
which break TM6 at this region and lead to outward
bending of both extracellular and intracellular ends of
the TM6 in these Class B GPCRs [Fig. 3(E–G)]. The
kink in the same area of Class A GPCRs, however, is
not so pronounced because Classes A GPCRs lack a
proline in this region [Fig. 3(A–C)].

A conserved Residue T occurs at TM6.42 of CTR,
CRFR1, and CRFR2, and Residues ST at TM6.41/42
of other Class B receptors, which resemble the resi-
due T/S at TM6.36 of Gs-coupling class A GPCRs
[Fig. 3(A,E)]. We observed that T6.42 of CTR and S6.41

of GLP1R form hydrogen bonds with the carbonyl
oxygen of the residues that precede the S or T by four
positions [Fig. 3(F,G)]. Residue T6.42 of Class B
GPCRs has been identified as a key residue of a con-
served H/E/T/Y polar core network that is important
for maintaining inactive conformation of Class B
GPCRs. Mutations that disrupt the polar core induce
constitutive GPCR activity.34 This finding was later
validated by Gs-bound Class B GPCR cryo-EM struc-
tures that displayed rearranged polar core with T6.42

dissociated from the polar core network, and pro-
nouncedly bent TM6 in these activated class B
GPCRs [Fig. 3(F,G)].

We observed hydrophobic patterns at TM6.34/36
/38/39 of GIPR, GLP1R, and GLR, at positions of
TM6.35/36/38/39 of CTR and PACR, and TM6
.35/38/39 of most other Class B GPCRs, which may
correspond to the hydrophobic motif of TM6.31/34 of
the Gs-coupling class A GPCRs that allows the bend-
ing of TM6 in activated conformation of these recep-
tors [Fig. 3(C,E)]. Actually, L6.36 and V6.39 of CTR,
and C6.36, L6.38 and A6.39 of GLP1R are at the intra-
cellular membrane surface based on the structural
models of their Gs complexes [Fig. 3(F,G)].

The C-termini of Gαs are tilted away from the
TM pocket core in Gs-coupling GPCRs. In contrast,
the C-termini of Gαi and Gαo are positioned close to
TM7 and Helix 8 of the receptors, which allows them
to form “capping interactions” with the residues at
the turn between TM7 and Helix 8 of the receptors.
“Capping interactions” are not observed (or very
weak) between β2AR, CTR and GLP1R, and the Gαs
subunit due to the large distance (>6 Å) between the
C-terminus of α5 of Gαs and TM7 of the receptors
[Figs. 1(B) and 2(C)]. The difference in capping inter-
actions could serve as a hallmark that helps to distin-
guish Gi-coupling receptors from Gs-coupling
receptors.

When coupling to G proteins, GPCRs exhibit var-
iable conformations in their ICL2. The ICL2 of rho-
dopsin, CTR, and GLP1R display a loop that forms a
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few polar interactions with αN of the Gα subunit. The
ICL2 of μOR, β2AR, and 5-HT1BR, however, adopt a
short helix that forms not only polar interactions with
αN but also hydrophobic interactions with α5 of the

Gα subunit [Figs. 1(A) and 2(D)]. This indicates that
the ICL2 of a GPCR can adopt either a helix to form
a larger hydrophobic interface with both αN and α5 of
the G protein α subunit, or a complete loop that forms

Figure 3. Enrichment of distinct motifs on TM6 of Gs or Gi/o protein-coupling GPCRs. GPCRDB generic numbering system is
used in this figure (http://gpcrdb.org). (A) Sequence alignment of TM6 motifs of Gi−/Go-coupling and Gs-coupling GPCRs shows
distinct motifs for coupling Gi or Gs subtypes. (B) Relative probability of polar/positively charged, hydrophobic or specific type
(Gly) residues for Gi/o (n = 76) and Gs (n = 25) coupling receptors. (C and D) TM6 sequence motifs of GPCRs for coupling Gs
(C) or Gi/o (D) proteins and representative Gs or Gi/o-coupling GPCR structures with distinct patterns of polar/positively charged
(red), hydrophobic (green), or specific type (Gly, black) residues at TM6.31/34/35/36/38/42 positions. Dashed lines indicate the
cytoplasmic surface of the bilayer membrane. Φ, hydrophobic residue; θ, polar or positively charged residue; T, threonine; S,
serine; G, glycine; and X, any residue. (E) Sequence alignment of TM6 motifs of class B GPCRs shows motifs for coupling Gs
protein. (F and G) TM6 sequence motifs of CTR (F) and GLP1R (G) for coupling Gs protein. Labeled are distinct patterns of T/S
(red), hydrophobic (green), or specific residues (Gly and Pro, black) on TM6.
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polar interactions with only αN of the G protein.
These differences do not seem to be G protein
subtype-specific, but are likely dependent upon the
structural features of both sides of the receptor–G
protein interface of the complex.

Structural dynamics of the α-helical domain of
the G proteins
We observed significant conformational changes in
the Gαi subunit of rhodopsin-bound Gi compared with
that of the GDP bound inactive G protein conforma-
tion (PDB code: 1GP2) [Fig. 4(A,B)]. Most dramati-
cally, the α-helical domain (AHD) is swung away
about 55� from the Ras domain along the two loops
that connect the two domains, whereas in the inac-
tive Gi protein α subunit, the Ras domain and the
AHD are close to each other to form a nucleotide
binding pocket. Receptor association thus leads to the
opening of the nucleotide binding pocket, the rearran-
gement of the Ras domain, the dissociation of the
GDP, and the increased dynamics of the AHD of the
Gα subunit [Fig. 4(B)]. The separation of the AHD
from the Ras domain and the release of GDP allow
the Gα subunit to bind to GTP, which has higher
binding affinity and a much higher cellular concen-
tration than GDP. GTP binding leads to the re-
closure of the AHD domain on the Ras domain and
Gα-mediated signaling. GTP hydrolysis through the
intrinsic G protein GTPase activity completes the G
protein cycle. The mechanism of the GPCR-mediated
nucleotide exchange cycle seems to be highly con-
served between Gi and Gs, which has been the sub-
ject of an excellent earlier review.35 Below we discuss
the AHD dynamics in the rhodopsin-Gi complex.

In the rhodopsin-bound Gi protein, the displaced
AHD is located close to the Gβ subunit, interacting
with the Gβ subunit through a salt bridge (between

E116 of Gi and R134 and R137 of the Gβ subunit)
and a few hydrogen bonding interactions. While the
Gβ subunit interaction likely stabilized the AHD posi-
tion, it is also possible that this position of the AHD
is due to the binding of the Fab antibody fragment in
the complex structures because we observed a few
polar interactions between AHD and Fab [Fig. 1(A)].

Displacement of the AHD was first prominently
observed in the β2AR-Gs structure, in which the AHD
was even further moved away from the Ras domain
[Fig. 4(B)] and, in contrast to the GPCR-Gi struc-
tures, also associates with the Gβ subunit of the Gs.

Due to the involvement of Fab and nanobody in
the solved complex structures, we cannot determine
the physiological positions of the AHD of the
receptor-bound G proteins. However, it is obvious
that in the nucleotide-free state the AHD is very
dynamic and can adopt variable positions relative to
the Ras domain. The positions of the AHDs observed
in the Rho-Gi and β2AR-Gs structures are likely two
possible positions that occur during the dynamic
GPCR-mediated G protein recruitment and signaling
[Fig. 4(A,B)].

GPCR–Arrestin Interaction

The rhodopsin–arrestin assembly
While several GPCR–G protein complex structures
have been published, rhodopsin–visual arrestin is so
far the only available fully-engaged atomic resolution
GPCR–arrestin complex structure, which was deter-
mined by femtosecond X-ray free electron laser
(XFEL) crystallography.8,9 The crystal structure of
rhodopsin in complex with visual arrestin displayed
an asymmetric rhodopsin–arrestin assembly, with the
finger loop of arrestin interacting with the cytoplasmic
pocket of the TM domain of rhodopsin [Fig. 5(A)]. From
a view along the cross-section of the cell membrane

Figure 4. Structural dynamics of the α-helical domain of G proteins. (A) The α-helical domain (AHD, red) of the Gαi subunit is 55�

tilted away from the Ras domain (magenta) compared with its inactive GDP bound conformation (blue), in which AHD and Ras
domain are close to each other to form the nucleotide binding pocket. (B) The comparison of the AHD of Gαi in rhodopsin-bound
conformation with that of Gαs in β2AR-bound conformation. Gαs is colored in yellow; the same color code as in Panel A is used
for rhodopsin-bound and inactive Gαi subunits.
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and the short arrestin axis (perpendicular to the plane
of the figure), the arrestin N- and C-domains extend
beyond the width of the rhodopsin TM domain by
about 20 Å and 40 Å, respectively. Relative to the cell
membrane, arrestin is tilted in the rhodopsin-arrestin

assembly with its long axis forming an ~70� angle with
the central axis of the rhodopsin TM domain. As a con-
sequence, the C-edge loops of the arrestin C–domain
interact with the bilayer of the cell membrane to
anchor the C-edge to the membrane [Fig. 5(A)]. The

Figure 5. Rhodopsin–visual arrestin interaction. (A) Rhodopsin–visual arrestin complex structure (human rhodopsin with mouse
visual arrestin; PDB code: 5W0P). Rhodopsin is colored in dark green, and arrestin in dark brown. Red boxes indicate rhodopsin–
arrestin interface patches. (B) Comparison of arrestin-bound rhodopsin (dark green) with the inactive state of the receptor (pink).
The inward shift of the intracellular side of TM7 and Helix 8 of arrestin-bound rhodopsin is indicated by the small arrow. The out-
ward tilt of TM6 and the extension of TM5 enlarge the intracellular pocket in the TM domain of rhodopsin (indicated with dotted
lines) for arrestin binding. (C) Comparison of arrestin-bound (dark green) with Gi-bound (red) conformations of rhodopsin. The
inward shift of the intracellular side of TM7 and Helix 8 of arrestin-bound rhodopsin is indicated by the small arrow. The intracellu-
lar pocket in the TM domain of arrestin-bound rhodopsin is similar to that of Gi-bound rhodopsin, which is indicated by dotted
lines. (D) Structural conformation of rhodopsin-bound visual arrestin with its C-terminal tail disordered. The structure features a
dissociated polar core, a gate loop that is shifted to the N-domain, and an opened cleft between the N- and C-domains at the cen-
tral crest region of arrestin that is resulted from a 20� rotation of the domains against each other. The positive surface on the N-
domain is exposed and accessible for receptor binding. (E and F) Rhodopsin–visual arrestin interface patches. Interfaces are
formed between 1) the arrestin finger loop and the TM pocket as well as the turn between TM7 and Helix 8 of rhodopsin (E);
2) between the loop and the β-strand following the finger loop of arrestin and TM5, TM6 and ICL3 of rhodopsin (E); and 3) between
arrestin crest loops (middle loop and C-loop) and rhodopsin ICL2 (F). (G) Rhodopsin–visual arrestin N–C interaction. Rhodopsin
C-terminal tail Residues K339 through E341 form an intermolecular β-sheet with βI of arrestin. The phosphate groups of pT336
and pS338, and the side chain of E341 of the rhodopsin C-terminal tail interact with the three positively charged pockets (indicated
by blue circles) of the arrestin N-domain. Key residues of the interface are labeled.

494494 PROTEINSCIENCE.ORG Structural Biology of GPCR Signaling Complexes

http://bioinformatics.org/firstglance/fgij//fg.htm?mol=5W0P


direct interaction of this C-edge tip with the mem-
brane has been directly proven by in vitro biochemical
assays and computational modeling.9,36

Structure features of arrestin-bound
rhodopsin. Compared with its basal state, arrestin-
bound rhodopsin is in an activated conformation that
features an outward tilted TM6 and ICL3 and a C-
terminally extended TM5. These changes expanded
the intracellular pocket together with TM2, TM3, and
TM7 for accommodating arrestin binding [Fig. 5(B,
C)]. These conformational changes are similar to
those observed in G protein-bound rhodopsin and
other GPCRs [Fig. 5(C)]. The intracellular side of
TM7 and the N-terminus of Helix 8 of the receptor
shifted slightly inward comparing to both the inactive
rhodopsin and the G protein bound rhodopsin, in
order to better interact with the finger loop of
arrestin in arrestin-bound rhodopsin [Fig. 5(B,C)].

Another important structural change is in the C-
terminal tail of rhodopsin, which in the structure was
phosphorylated at residues T336 and S338 [Fig. 5
(G)]. The phosphate groups together with negatively
charged residues of the C-terminal tail of rhodopsin
form an intermolecular charge interaction network
with positively charged residues of the arrestin N-
domain that largely contribute to arrestin recruit-
ment by the receptor.

Structure features of rhodopsin-bound
arrestin. Rhodopsin-bound arrestin is in an acti-
vated conformation, whose structural features were
first revealed by the crystal structure of the visual
arrestin splice variant p4437,38 and by the crystal
structure of β-arrestin in complex with a phosphory-
lated vasopressin 2 receptor (V2R) C-tail peptide.39

The activated arrestin has an open cleft at the central
crest region between the N and C domains, which is
resulted from a 20� rotation of the two domains rela-
tive to each other. This rotation is caused by the
breakage of the central polar core and other inter-
domain hydrophobic interactions that maintain the
basal conformation of arrestin40 [Fig. 5(D)]. The open
cleft and the rearranged receptor-binding loops (fin-
ger loop, middle loop, C−/lariat loop, and back loop)
are important structural features of an activated
arrestin for binding to the intracellular TM pocket of
a GPCR [Fig. 5(D)].

We observed in the rhodopsin–visual arrestin
complex that the C-terminal tail of arrestin is disor-
dered, and the position of the arrestin C-terminal tail
in the inactive basal state is occupied by the phos-
phorylated C-terminal tail of rhodopsin [Fig. 5(D)].
Structural and biochemical evidences have shown
that the release of the arrestin C-terminal tail from
the intramolecular N-C lock allows a cascade of con-
formational changes in arrestin, including the break-
age of the polar core, the formation of three positively

charged pockets on the surface of the arrestin N-
domain for binding to the phosphorylated C-terminal
tail of rhodopsin, and the rotation of the N- and C-
domains relative to each other, to finally transform
arrestin into a pre-activated conformation that is
ready to associate with a receptor37,38,41 [Fig. 5(D)].

Rhodopsin–arrestin interface. The rhodopsin–
arrestin complex is maintained by a multi-patched
interface, which consists of four distinct interface
patches [red boxes in Fig. 5(A,E,F)]. The most notice-
able interface patch is formed between the arrestin
finger loop (D72 through L78) and the cytoplasmic
pocket of the TM domain of rhodopsin. The key
arrestin finger loop residues D72 through M76 inter-
act with residues N310 through Q312 from the intra-
cellular end of TM7 and the N-terminus of Helix 8 of
the receptor. Finger loop residues M76 and L78 are
positioned in the receptor’s hydrophobic TM pocket
surrounded by TM3, TM5 and TM6 of the receptor
[Patch 1 in Fig. 5(E)]. The finding that the finger loop
interacts with the residues at the turn between TM7
and Helix 8 is in agreement with biological data that
TM7 and Helix 8 are essential for GPCR desensitiza-
tion and arrestin-mediated signaling.42 Following the
finger loop is a β-strand (R81–F86) that interacts
with residues from ICL3 and the cytoplasmic ends of
TM5 and TM6 of rhodopsin [Patch 2 in Fig. 5(E)].

The ICL2 of rhodopsin, which adopts a one-turn
helix in the activated receptor, inserts into the cleft
between the top β-sheets of the N- and C-domains of
arrestin that is resulted from the rotation of the two
domains against each other. Specifically, the arrestin
middle loop (P135 through S143) and C-loop
(V249-S253) associate at each side of the ICL2 helix,
and arrestin residues R292 and G293 of loop 17–18
(a long loop between β-strands XVII and XVIII of the
C-domain) at the bottom of the cleft associate with
the bottom surface of the ICL2 helix of rhodopsin
[Fig. 5(F)]. This is an important interface patch spe-
cific for binding to arrestin by a GPCR. Interestingly,
in the rhodopsin–Gi complex, ICL2 lacks the helical
turn and only associates with the Gα N-terminal
helix through a few hydrogen bonds.

The key interface patch for arrestin recruitment
is the intermolecular N–C interaction between the
phosphorylated C-terminal tail of rhodopsin and the
N domain of arrestin [Fig. 5(G)]. The rhodopsin C-
terminal residues K339 through T342 adopt a
β-strand that forms an intermolecular β-sheet with
the N-terminal β-strand (V12–V17) of arrestin. The
residues N-terminal to the rhodopsin C-tail β-strand,
D330 through S338, form a turn (D330-A333) posi-
tioned alongside the loop following the N-terminal
β-strand of arrestin. They are followed by a loop
region (334–338) connecting the turn with the
C-terminal β-strand of rhodopsin, which harbors
phosphate groups on Residues T336 and S338
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[Fig. 5A,G]. This interface patch is maintained by the
hydrogen bonds between the intermolecular β-strands
and, more importantly, the charge interactions
between the phosphate groups at T336 and S338 and
the negatively charged E341 of rhodopsin with three
positively charged pockets (noted as A, B, and C) on
the surface of the arrestin N-domain. The pockets are
formed by three groups of basic residues: K16, R19,
and R172 (Pocket A), K16, R30, and K301 (Pocket B),
and K15 and K111 (Pocket C) [Fig. 5(G)]. It is inter-
esting to notice that all positively charged residues
that form the receptor binding pockets are from the
arrestin N-domain, except residue K301, a key resi-
due of pocket B, that is located on the tip of the gate
loop from C-domain of arrestin [Fig. 5(G)].

GPCR phosphorylation code and arrestin
activation and recruitment by a GPCR
GPCR phosphorylation code. The phosphorylation
of the receptor C-tail and the charge interaction
between the phosphorylated receptor and arrestin
are essential for the intermolecular interaction and
arrestin recruitment by the receptor.43 The
rhodopsin–arrestin complex structure suggested a
phosphorylation code for the arrangement of phos-
phorylated and negatively charged receptor residues
to occupy the three positively charged pockets of the
arrestin N-domain. Accordingly, the phosphorylated
T336 and S338 together with the negatively charged
E341 represent the pattern PXPXXP/E/D (P for phos-
phate group, E for glutamic acid, D for aspartic acid,
and X for other residues) [Fig. 5(G)]. A second phos-
phorylation code with the pattern PXXPXXP/E/D is
also compatible with the position of the positively
charged surface pockets. This pattern is found in the
phosphorylated C-terminal peptide of V2R in complex
with β-arrestin-1. The three phosphorylated residues

(pS357, pT360, and pS363) of the V2R C-terminal pep-
tide were recognized by β-arrestin-1 through three pos-
itively charged pockets that correspond to those on the
N-domain of visual arrestin in the rhodopsin–visual
arrestin complex.39,44 Sequence searches indicate that
the majority of GPCRs contain at least one phosphory-
lation code (http://tools.vai.org/phoscofinder/). Further-
more, phosphorylation codes are also found in non-
GPCR membrane proteins, including ion channels,
transporters, and receptor tyrosine kinases, implying
that phosphorylation codes might also play roles in
arrestin-mediated internalization of non-GPCR mem-
brane proteins. The discovery of phosphorylation codes
provides understanding of the molecular mechanism of
arrestin activation and recruitment by GPCRs, which
we will discuss in the following paragraphs.

Structure features of basal state
arrestin. Substantial biochemical evidence supports
that the first step of arrestin recruitment is the elec-
trostatic interaction between a C-tail-phosphorylated
receptor and an arrestin that may still be in a basal
conformation.43 Compared with the receptor-bound
state, basal state arrestin has its own C-terminal tail
bound to the N-domain, which locks it in an inactive
conformation (intramolecular N-C lock). The C-
terminal residues L374 through E378 (F375 through
E379 for bovine rhodopsin) form a parallel β-sheet
with the first β-strand of arrestin, with its L374/
V375/F376 (Bovine F375/V376/F377) motif associat-
ing with hydrophobic residues from β1 (I13 and Y26;
Bovine I12 and Y25) and Helix 1 (L104, L108 and
L112; Bovine L103, L107, and L111) of the arrestin
N-domain.

This region of the arrestin C-terminal tail blocks
a large part of its positive surface (Pockets B and C)
for receptor binding (Fig. 6). Residue R381 (Bovine
R382) on a loop region following the β-strand of the
C-terminal tail is a key residue involved in the polar
core network, which is formed together with charge
residues from both the N-domain (R30, D31, and
R176, or R29, D30, and R175 for bovine arrestin) and
the C-domain gate loop (D297 and D304, or D296 and
D303 for bovine arrestin) of arrestin. The polar core
is required to maintain the basal conformation of
arrestin by keeping the two domains of arrestin from
rotating against each other, which is a key step of
arrestin activation. The polar core further blocks the
gate loop from shifting to the N-domain through a
charge interaction of its Residue K301 (K300 for
bovine) with the phosphorylated receptor C-tail
(Fig. 6).

Mechanism of arrestin activation and recruitment
by a receptor. The crystal structure of the trun-
cated p44 splice variant of visual arrestin indicates
that truncation of the arrestin C-terminal tail results
in conformational changes from its basal state to a

Figure 6. Basal conformation of visual arrestin (bovine arrestin,
PDB code: 1CF1). The arrestin C-terminal tail interacts with the
N-domain, thus blocking the positively charged pockets B and
C on the N-domain that are required for receptor C-tail
interaction. The positively charged pocket A of the arrestin N-
domain (circled), however, is still solvent-exposed for binding
to the phosphorylated receptor C-tail. Arrestin N-domain is
colored in blue, and C-domain in brown. Black square: polar
core network.
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pre-activated conformation for binding to rhodopsin.
Those conformational changes include the rotation of
the N- and C-domains against each other and the
shifting of the gate loop to the N-domain. The mecha-
nism of activation of full length visual arrestin, how-
ever, had not been clearly identified until the
structures of the rhodopsin–visual arrestin and the
β-arrestin1-V2R peptide complexes were solved.

The basal state arrestin structure shows that the
positively charged pockets B and C of the N-domain
are blocked by arrestin’s own C-terminal tail, while
the pocket A (K16, R19, and R172, may also include
K167) remains solvent-exposed and ready for electro-
static interaction with a phosphate group from a
receptor C-terminal tail (Fig. 6). Arrestin activation
and recruitment by a GPCR is initiated when a phos-
phorylated receptor C-terminal tail binds to the posi-
tively charged pocket A of arrestin through the first
phosphate group of its phosphorylation code. With its
first phosphate group attached to the N-domain, the
phosphorylated C-tail can displace the arrestin C-
terminal tail and break the intramolecular N-C lock,
and bind with its second and third phosphate groups
(or E/D) to the positively charged pockets B and
C. The dissociation of the arrestin C-terminal tail de-
represses arrestin by disrupting the polar core net-
work, allowing a cascade of conformational changes
that transform arrestin from basal state to activated
state. These changes include the shifting of the gate
loop and its residue K301 to the N-domain to join the
positively charged network (K301 is a residue of
Pocket B) for binding to the second phosphate group
on the receptor C-tail, a 20� rotation of the two
domains relative to each other, and conformational
changes in the loops at the central crest of arrestin,
which are required for the formation of a fully-
engaged receptor–arrestin complex.

The interaction of the arrestin N-domain with a
phosphorylated receptor C-tail is more stable than
that with its own C-terminal tail due to the formation
of an extensive electrostatic network between the
arrestin N-domain and the phosphorylated receptor
C-tail. Arrestin activation by the phosphorylated
receptor C-tail is, therefore, energy-releasing and
thermodynamically favorable [Fig. 5(G)].

The first phosphate group is a key residue for
arrestin activation and recruitment by a GPCR.
While the second and the third phosphate groups of a
phosphorylation code may not be as important as the
first phosphate group, it is likely that the dissociation
of the arrestin C-tail and the following arrestin acti-
vation would not happen if both the second and the
third phosphate groups are missing in a phosphoryla-
tion code [Figs. 5(G) and 6]. Receptors without a
phosphorylation site at their C-terminal tails cannot
initiate arrestin activation, but may form a weak
complex with a pre-activated arrestin through only
the core interaction interface. The signaling and

relevant physiological functions of those GPCRs are
still to be investigated.45–47

There can be a few different receptor–arrestin
assemblies during arrestin activation and arrestin-
mediated GPCR signaling, some of which could be
visualized by negative stain EM imaging.48 An initial
receptor-arrestin complex conformation may form
when the first phosphate group of the receptor C-tail
binds to the positively charged pocket A of arrestin
that is likely still in a basal state. The second com-
plex conformation appears when the arrestin
C-terminal tail is displaced, the polar core is dissoci-
ated, and the whole interface patch between receptor
C-tail and arrestin N-domain is formed. This is likely
a tail-engaged complex conformation as visualized by
negative stain EM and in the crystal structure of
β-arrestin1 in complex with the phosphorylated
C-terminal peptide of V2R.39,48 The tail-engaged con-
formation may either be an intermediate state that
can readily transition to a high-affinity fully-engaged
signaling complex, form a super-complex with a G
protein, or serve as a signaling conformation that
leads to distinct signaling pathways.45,49 When the
conformational changes in both arrestin domains and
the central crest loop occur, the interface patches
between the TM domain of the receptor and the
arrestin crest loops may rapidly form, leading to the
formation of the fully-engaged complex conformation
[Fig. 5(A)]. Biochemical evidence has suggested that
those two different receptor–arrestin complex states
may result in different arrestin-mediated signaling
consequences.49,50

Humans express only four arrestins, among
which the two visual arrestins are specialized to cou-
ple to visual receptors, while the two β-arrestins
serve about 800 non-visual GPCRs.51 These two
β-arrestins demonstrate a high versatility but low
specificity to GPCRs. Arrestin-mediated GPCR sig-
naling starts from arrestin activation and recruit-
ment by the GPCR, which is largely regulated by the
phosphorylation code on the receptor’s C-terminal
tail. The specificity of GPCR signaling, therefore, is
dependent on distinct Ser/Thr patterns on the recep-
tor’s C-terminal tail due to the recruitment of a spe-
cific GRK to phosphorylate the receptor C-tail.

GPCR-Biased Conformations for the Recruitment
of G Protein or Arrestin
While most receptors and agonists activate both G
proteins and arrestins, certain receptors and agonists
signal preferentially through either G proteins or
arrestins (biased receptors or biased agonists). Based
on structural and biological data, biased agonists
induce GPCR conformations that more favorably
recruit either G proteins for G protein-mediated sig-
naling, or recruit GRK for receptor phosphorylation
followed by arrestin-mediated signaling. All-trans
retinal is the balanced agonist of rhodopsin, which
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can regulate either G protein and/or arrestin signal-
ing. Comparing the structures of rhodopsin in their G
protein-bound state versus arrestin-bound state
allows the identification of structural features that
favor the binding to either G protein or arrestin.

The TM pocket of rhodopsin is opened when the
receptor is activated by photon-induced isomerization
of 11-cis retinal to all trans retinal. The open pocket
that binds to Gi protein does not show significant dif-
ferences from that that binds to visual arrestin. Due
to the hydrophobic nature of the overall TM pocket,
the core interactions between rhodopsin’s TM pocket
and either G protein or arrestin are predominantly
maintained by hydrophobic associations. The α5 C-
terminus of Gi and the finger loop of the arrestin can
be nicely overlaid when they bind to the intracellular
pocket of the receptor [Fig. 7(A,B)]. The only differ-
ence is that rhodopsin residues on the turn between
TM7 and Helix 8, which form an important interface
with the arrestin finger loop, form relatively weak
capping interactions with the C-terminus of the α5
helix of the G protein [Fig. 7(A,B)]. This is consistent
with an earlier observation that TM7/Helix
8 (in addition to TM6) is a key region that determines
biased signaling in β2AR.42

While ICL2 of rhodopsin forms a loop that
weakly associates with a few residues from αN of Gαi
in the rhodopsin–Gi complex, it adopts a short helix
to provide an important interface with arrestin in the
rhodopsin–visual arrestin complex [Figs. 2(C) and 5
(F)]. This interface is hydrophobic with rhodopsin
Residues P142, M143, and F146 from the ICL2 helix
positioned in the hydrophobic cleft at the central
crest between the two domains, associating with the

hydrophobic Residues F66, Y68, L133, and C144 on
the top β-sheet, and Residues V248, L250, and Y256
of the lariat loop of arrestin [Fig. 2(C,F)].

Based on the rhodopsin–visual arrestin complex
structure, a helical ICL2 seems to be required for a
GPCR to bind to arrestin. The conformation of the
ICL2, however, is not conserved in reported GPCR–G
protein complex structures. While ICL2 can adopt
helices in both the β2AR-Gs and μOR–Gi complex
structures, it formed loops in the two Class B GPCR–
Gs complex structures.12 It is likely that the confor-
mation of the receptor ICL2 in a GPCR–G protein
complex is not defined by G protein subtype, but the
distinct GPCR–G protein interface.

In addition, receptor C-tail phosphorylation by a
GRK is a key step of the transition from G protein-
mediated signaling to GPCR internalization and/or
arrestin-mediated signaling, and thus a specific struc-
tural feature for arrestin recruitment. It has been
shown that GRK can directly interact with the TMD
pocket of GPCRs and this interaction is required for
GRK to phosphorylate receptors. Thus, a specific con-
formation of GPCR for GRK recognition would play a
key role for subsequent arrestin recruitment and
signaling.52,53

Future Outlook
Recent technological advancements in structural biol-
ogy, including the development of XFEL crystallogra-
phy and single particle cryo-EM, have led to the
determination of multiple GPCR signaling complex
structures with G proteins and arrestins. Those
structures have revealed structural information of
binding and activation of G proteins and arrestins by
GPCRs, and provided insights into the molecular
mechanisms of GPCR signaling pathways mediated
by these two transducers. Specifically, these struc-
tural studies highlight the distinct conformational
states of the GPCR signaling complexes, the sequence
motifs that determine the selective coupling of G pro-
teins by GPCRs, and the phosphorylation codes for
arrestin recruitment. Together, these structures illus-
trate that specificity of GPCR signaling is not only
determined by a specific GPCR conformational states
but also determined by short protein motifs within
the GPCR sequences such as the TM6 sequence motif
or the C-terminal phosphorylation codes.

Beyond the above GPCR signaling complexes, a
high-resolution structure of a GPCR in complex with
a GRK is still needed to fill the knowledge gap of
GPCR phosphorylation, which is crucial for the tran-
sition from G protein-mediated signaling to arrestin-
mediated pathways. While GPCR complex structures
with both Gs and Gi proteins are available, complex
structures with other G protein subtypes, such as Gq
and G12/13, are still needed as their physiological
functions differ from those of Gs and Gi. Gq- or
G12/13-coupling GPCRs are expected to have similar

Figure 7. Comparison of the interfaces of Gαi and visual
arrestin with rhodopsin. (A) Gαi α5 can be closely
superpositioned with the arrestin finger loop when Gi-bound
rhodopsin is aligned with arrestin-bound rhodopsin. Gi-bound
rhodopsin is colored in red, arrestin-bound rhodopsin in dark
green, Gαi in magenta, and visual arrestin in brown. (B) A view
with 90� rotation about the vertical axis.
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G protein complex assemblies as those of Gs- or Gi-
coupling receptors, but will likely show distinct TM6
sequence motifs and specific conformations for bind-
ing to the α5 helices of those G proteins, which
remain unknown in the absence of the awaited struc-
tural analysis of GPCRs in complex with Gq and
G12/13.

Non-visual β-arrestins are key regulators of sig-
naling pathways of hundreds of non-rhodopsin
GPCRs, thus high-resolution complex structures of
β-arrestins with full length non-rhodopsin GPCRs,
are important for understanding the mechanism of
GPCR signaling and designing therapeutic treat-
ments targeting GPCR signaling pathways.

Because GPCR signaling is involved in many
complicated physiological functions, their signaling
complexes with transducers are highly dynamic.
Structures that catch static snapshots of the dynamic
process of GPCR signaling, therefore, provide only
limited information that is not enough to display the
complete process of the signaling pathways. We are
expecting further advancement of structural biology,
including the development of cryo-EM tomography
and time-resolved single particle XFEL imaging, to
shed additional light on the dynamic assembly and
disassembly of GPCR signaling complexes and to
improve our understanding of signaling mechanisms
of GPCRs.
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