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Dear Editor,
G protein-coupled receptors (GPCRs) play a vital role in
regulating almost every aspect of human physiology,
making up more than one-third of marketed drug targets
(Santos et al., 2017). GPCRs orchestrate their signalling
through interactions with three distinct downstream
protein families: G proteins, G protein-coupled recep-
tor kinases (GRKs), and arrestins (Santos et al., 2017).
While G protein-mediated signalling is initiated upon
GPCR stimulation, activated GPCRs return to their basal
levels through a GRK- and arrestin-regulated desen-
sitization process (Santos et al.,, 2017). In addition to
modulating receptor desensitization, B-arrestin also reg-
ulates downstream events that are distinct from clas-
sical G protein signalling (Ahn et al., 2020). Although a
number of GPCR-G protein complex structures were
obtained, only a few GPCR-B-arrestin complex structures
have been determined. In addition, most of the solved
receptor-B-arrestin complexes were stabilized by chemi-
cal crosslinking (Huang et al., 2020), in vitro phosphoryl-
ation (Lee et al., 2020; Staus et al., 2020), in vitro binding
(Bous et al., 2022), or directly fused the B-arrestin to the
receptor (Cao et al,, 2022), thus the more physiological
relevant GPCR-B-arrestin complex structures are needed.
Attempts to identify biased ligands have persisted for
many GPCRs, despite, in many cases, no clear indication
yet of which pathways might mediate the therapeu-
tic benefits (Patel et al., 2021). One such example is the
type-1 cannabinoid receptor (CB1), which is one of the
most abundant GPCRs in the central nervous system. It

mediates complex pharmacological processes and is an
important therapeutic target for treating many neuro-
logical disorders (Patel et al., 2021). However, the devel-
opment of successful therapeutics has been hampered
by unwanted side effects, and B-arrestin biased signal-
ling of CB1 has been shown to deliver potential required
effects and thus is currently the subject of intense drug
discovery exploration (Liu et al., 2021).

To gain a comprehensive insight into CB1 downstream
signalling mechanism at the molecular level, we solved
the cryo-electron microscopy (cryo-EM) structure of
AMB841-bound CB1 in complex with B-arrestin-1 (Barrl)
assembled by co-expression with G protein-coupled
receptor kinase 3 (GRK3). Combining with the previously
determined CB1 structures in inactive (Hua et al., 2016),
active-like (Hua et al., 2017), and active (Hua et al., 2020)
states, our work presents a more complete structural
framework of CB1-mediated signalling.

Stabilizing the GPCR-B-arrestin complex was chal-
lenging due to the requirement for precise receptor
phosphorylation and the weak interaction between
B-arrestin and receptor. GRK3, co-expressed with Barrl,
was reported to induce CB1 desensitization (Jin et al.,
1999) (Fig. 1A). To improve the expression and stability
of CB1, four mutations, T2103%41, E273°%K, T283>#V, and
R340°32E, were introduced to the wild type (WT) recep-
tor. Additionally, to further enhance the phosphoryla-
tion level and improve the binding affinity of parrl to
the receptor, the residues 433-472 of CB1’s C-terminus
were truncated and replaced with the C-terminus of
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Figure 1. Cryo-EM structure of CB1-Barrl complex and interaction mode. (A) Agonist (A)-induced conformational changes in CB1
(I) lead to heterotrimeric G protein activation (II) and subsequent GRK3-mediated CB1 phosphorylation (red circles) (III). Barrl then
binds to the transmembrane (TM) bundle of phosphorylated CB1 (IV). (B) Cryo-EM density map of phosphorylated CB1_,,, with V2Rpp
(vellow) in complex with AM841 and Barrl. (C) Overall structure of the AM841-CB1_,,.—Barrl complex. (D) AM841 activated WT CB1
and the construct for structure determination (CT40-4 mutations: CB1 C-terminal truncation of 40 residues 433-472 and 4 mutations
(T210%4°1, E273°%K, T283>#V, and R340%*’E)) in Tango assay. (E) Zoom-in view of the Barrl finger loop (as electrostatic surface) inserting
into the CB1 TM bundle. (F) Zoom-in view of Barrl N-domain bound to phosphorylated V2R tail fused in CB1 C-terminus. (G) Zoom-in
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vasopressin-2-receptor (V2R), which is referred to as
CB1_,,, (Fig. S1A). Our Tango assay results showed the
modified that construct increased the efficacy of AM841
on activating CB1 (Fig. 1D; Table S3). To reconstitute a
functional and stable CB1-Barrl complex, an optimized
procedure was performed using different GRKs (GRK1-
7) and agonists, co-expressing CB1_,,, and parrl in Sf9
cells. The results revealed that GRK3 is better suited
for CB1 phosphorylation and shows an increased abil-
ity to recruit parrl. In addition, we optimized the co-
expression of CB1_,,., GRK3, Barrl, along with scFv30
and 1 pmol/L AM841 in Sf9 cells. Eventually, a relatively
more stable complex was achieved with the AM841-
bound CB1_,,,.-parrl in the presence of scFv30 (Fig. S1B-
D). After multiple rounds of 2D and 3D classification, and
subsequent 3D refinement focussed on the receptor and
its interface with parrl, a 3.6 A resolution map yielded
relatively well-resolved features for building the com-
plex model (Fig. 1B-C, S2 and Table S1). The density for
Barrl was notably well-defined, while the densities for
CB1 and the interaction interface were relatively weak,
suggesting that the complex exhibits a high degree of
dynamic behaviour. However, the density for the five
phosphorylation sites of C-terminus of V2R in the EM
map was clear, indicating the homogeneous phosphoryl-
ation by GRK3 during co-expression.

The CB_,,.-Barrl structure reveals a complex and
multimodal interaction network between receptor and
Barrl. The transmembrane core and intracellular loops
ICL2 and ICL3 from CB1 might be involved in the inter-
actions with Barrl. Specifically, the c-terminal tail of V2R
binds the N-lobe groove of Barrl, which contains basic
residues known to interact with phosphorylated recep-
tor residues (Lee et al., 2020; Staus et al., 2020; Bous et
al.,2022). Additionally, the finger loop of Rarrl engages
the 7 transmembrane (7TM) core with highly dynamic
features (Fig. S3), a crucial step for arrestin coupling. The
Barrl C-edge contacts with the detergent micelle, result-
ing in a tilt of Barrl relative to the receptor (Fig. 1B).

Comparing the structures of AM841-bound CB1_,,.-
Barrl and AM841-bound CB1-G, complexes, we observe
almost identical binding poses for AM841. Furthermore,
the receptor’s 7TM bundle adopts a similar active con-
formation characterized by the opening of the cytoplas-
mic part of TM6 (Fig. S4A). Notably, the cytoplasmic end
of TM5 in the CB1_,,.-Barrl structure exhibits an extra
outward shift of ~5.2 A, likely required to accommodate
Barrl (Fig. S4B-D). The Barrl finger loop binds slightly
lower to the receptor core compared to the a5 helix of
Ga,, and the interaction interface with the receptor is

smaller (the interface area between CB1 and Parrl is
2227.2 A?, while it is 2481.8 A for the CB1-G, complex)
(Figs. S3 and S5B; Table S2). This difference may explain
the conformational flexibility of Barrl-receptor interac-
tion compared to that of G protein (Hilger et al., 2018).

In the CB1_,,-Parrl structure, farrl engages CB1 in
an orientation that differs from that in the M2R-Barrl
or B,AR-Barrl complex, V2R-parrl or HTR2B-Barrl, and
NTSR1-Barrl structure (Fig. S6A and SéB). This obser-
vation provides further support for the hypothesis that
arrestin may adopt distinct, receptor-specific orienta-
tions (Hilger et al., 2018).

parrl interacts with CB1_,,, through three main inter-
faces: the phosphorylated V2R c-terminal tail, the 7TM
core, and ICL2 (Fig. 1E-H). The interaction between the
phosphopeptide and Parrl in our structure is nearly
identical to that in the V2Rpp-Rarrl-Fab30 and M2R-
Barrl structures. The peptide binds to a positively
charged crevice in the N-domain, which destabilizes the
polar core of arrestin and causes the gate loop to move
toward the N-domain (Figs. 1F and S7). The Barrl finger
loop inserts into the receptor 7TM bundle and forms
hydrophobic and electrostatic interactions with resi-
dues from the cytoplasmic parts of TM3, TM6, as well
as helix 8 and ICL2 (Fig. 1E). In addition, alanine muta-
tions of residues involved in the interaction interface,
such as 121835 122212 M3376%° and K402 decrease
the B-arrestin recruitment of CB1 in Tango assay (Fig. 1J;
Table S3). Compared to the solved structures of NTSR1-
Barrl (Huang et al., 2020), M2R-Barrl (Staus et al., 2020),
B,AR-Barrl (Lee et al., 2020), V2R-Barrl (Bous et al., 2022),
and HTR2B-Barrl (Cao et al., 2022), the binding position
of parrl finger loop relative to the receptor core in CB1 is
more similar to that in NTSR1, M2R, and HTR2B, while
it inserts much deeper in the B AR structure and much
lower in the V2R structure (Fig. S6C). Notably, TM5 of
CB1 shows the largest outward rotation among the six
complex structures (Fig. S5A and S5B). Consistently, the
density map of parrl finger loop is relatively weak in
the CB1_,,.-Barrl structure and 3D variability analysis
shows the flexibility of the finger loop in parrl (Fig. S3).

Interestingly, the extended TMS in CB1 appears to
form additional interactions with the C-loop of Barrl
(Fig. 1H). Here, the C-loop packs closer to TM5 and the
Barrl finger loop, forming hydrophobic interactions,
which is different from other complex structures (Fig. 1I).
The C-loop of Rarrl shows interactions with ICL2 in
NTSR1-parrl, B,AR-Barrl, and HTR2B-Parrl structures,
but shows no obvious interactions in the V2R-Barrl and
M2R-Barrl structures (Bous et al., 2022; Cao et al., 2022).

view of the interaction between ICL2 of CB1 and Rarr1. (H) Zoom-in view of finger loop and C-loop binding in CB1. (I) A comparison of
insertion angles of C-loops in the different GPCR-arrestin complex structures, M2R-B-arrestin-1 (PDB:6U1N), p,AR-B-arrestin-1 (PDB:
6TKO), NTSR1-B-arrestin-1 (PDB: 6UP7), Rho-arrestin-1 (PDB: 4ZW]J), V2R-B-arrestin-1 (PDB: 7ROC), HTR2B-B-arrestin-1 (PDB: 7SRS). (J)
AMB41 induced activation of WT and mutants of CB1 in Tango assay.
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This observation supports the potential role of C-loop in
parrl recruitment. In the CB1_,, -Barrl structure, ICL2
forms a short helix and is located in the cavity formed
by the finger loop, C-loop, middle-loop, and lariat-loop
(Fig. 1G).

Previous studies have shown that the interaction
between arrestin’s C-edge and membrane lipids is impor-
tant for stabilizing the active parrl conformation, which
may also modulate the receptor desensitization and inter-
nalization (Lally et al., 2017). Interestingly, in the CB1_, .-
Barrl structure, both C-edge loops (197-loop and 344-loop)
(Lally et al., 2017) interact with the membrane and insert
deeper into the micelle compared to other solved GPCR-
arrestin structures. This unique interaction likely contrib-
utes to the specific orientation of Barrl in CB1 (Fig. S6A).

In NTSR1-Barrl structure, a phospholipid (PIP2) was
proposed to bind between the membrane surface of TMs
1 and 4 and the top of the arrestin C-lobe (Huang et al,,
2020), playing an important role in stabilizing NTSR1-
parrl complex. However, in the CB1_,, -Barrl structure,
the density for PIP2 is absent, and the proposed key res-
idues (K233, R236, and K250) in parrl, important for PIP2
binding, show similar sidechain orientations despite
being slightly further away from the membrane plane
(Fig. S5C).

The mechanism of biased signalling of CB1 is still
being explored, while most agonists including AM841
are reported to activate both G protein and B-arrestin
pathways. Here, we obtained both AM841-activated CB1-
G, and CB1-Barrl complex structures. The overall struc-
tures of the receptors in the two complexes are quite
similar, with a root mean square deviation value for Ca
atoms of 1.26 A, but some noteworthy differences were
observed (Fig. S4B-D). Though the density for the recep-
tor in CB1-Rarrl complex is low, the 7TM bundles could
be clearly modelled.

In CB1_,,,-Barrl structure, TM1 and TM4 show confor-
mational changes compared with that in CB1-G, complex
structure (Fig. S4B-D). As mentioned earlier, the major dif-
ference in Barrl-coupled CB1 is the outward movement
of the cytoplasmic part of TM5, while TM6 adopts a sim-
ilar conformation compared to that in the G-bound CB1
structure (Fig. S4B). These observations provide a valuable
model describing the changes that occur in CB1 between
the G protein-coupled state to the arrestin-coupled state.

In this study, we used a new approach to capture
the agonist AMS841l-activated CB1 in complex with
B-arrestin-1 through co-expression with GRK3 in
insect cells. This method allowed us to capture a core-
engagement state of CB1-Barrl complex, despite yielding
slightly lower density maps compared to those obtained
using the crosslinking method. Importantly, we success-
fully utilized GRK3 for GPCR phosphorylation and B-
arrestin recruitment. Furthermore, the diversity in arres-
tin engagement with CB1 observed in this study supports

CB1-B-arrestin complex structure | 233

the notion that receptor coupling and membrane anchor-
ing contribute to the plasticity of receptor—arrestin inter-
actions. Given the wide distribution of CB1 receptors in
the human body, it is important to dissect the molecular
mechanisms to design organ and pathway-specific lig-
ands, including phytocannabinoids, endocannabinoids,
and synthetic ligands, for disease-specific applications.
This study provides additional structural templates of
CB1 to guide the design of biased ligands for this impor-
tant target.

Supplementary data

The online version contains supplementary material
available at https://doi.org/10.1093/procel/pwad05SS5.
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