defect. Future studies will have to recon-
cile these two partially overlapping, but
distinct, models. It is interesting to note
in this context that studies in yeast have
revealed a second TC-NER pathway,
dependent on the RNAPII subunit RPB9
but independent of the yeast CSB homo-
log Rad26 (Li and Smerdon, 2002). It will
be interesting to see whether a similar
alternative TC-NER pathway exists in
mammals.

The DNA damage response to tran-
scription stress has received a lot of
attention recently. The identification and
blocking of the key ubiquitylation of
RPB1, needed for its release from
damaged sites to facilitate restoration of
transcription and initiation of DNA repair,
has shed light on the fate of a key culprit
of transcription stress—an RNAPII stalled
at a damaged site.
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B-arrestins (Barrs) play multifaceted roles in the signaling and regulation of G-protein-coupled re-
ceptors (GPCRs) including their desensitization and endocytosis. Recently determined cryo-EM
structures of two different GPCRs in complex with Barr1 provide the first glimpse of GPCR-Barr
engagement and a structural framework to understand their interaction.

G-protein-coupled receptors (GPCRs) are
involved in a broad range of cellular and
physiological functions, and a large share
of currently prescribed medicines targets
these receptors (Sriram and Insel, 2018).
Agonist stimulation leads to receptor acti-
vation followed by the coupling of hetero-
trimeric G proteins and generation of sec-
ond messengers. Activated GPCRs are
phosphorylated in their carboxyl terminus
and intracellular loops, which promotes
the binding of multifunctional proteins
called arrestins (Gurevich and Gurevich,
2019). There are four isoforms of arrestins

(i.e., arrestin 1-4), of which arrestin 1 and
4 are restricted to the visual system. Ar-
restin 2 and 3, also known as B-arrestin
1 and 2 (Barri and 2), respectively,
interact with and regulate, a large number
of GPCRs. Barrs not only suppress the
G-protein signaling response but also
mediate receptor endocytosis and
contribute to multiple downstream
signaling pathways. Understanding the
details of GPCR-Barr interactions is
crucial to decipher the mechanistic basis
of GPCR signaling, regulation, and func-
tional selectivity. Now, Huang et al. and

Cell 180, March 19, 2020 © 2020 Elsevier Inc.

Staus et al. report cryoelectron micro-
scopy (cryo-EM) structures of Barrl in
complex with the neurotensin receptor
type 1 (NTSR1) and the muscarinic acetyl-
choline receptor subtype 2 (M2R),
respectively, that provide the first glimpse
of GPCR-Barr complexes and shed new
light on their interaction (Huang et al.,
2020; Staus et al., 2020) (Figure 1A).
GPCR-Barr interaction involves phos-
phorylated residues in the carboxyl termi-
nus and intracellular loops of the receptor
as well as the transmembrane core
(Ranjan et al., 2017). Huang et al. (2020),
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Figure 1. Structural Snapshots of GPCR-Barr1 Complexes

(A) The cryo-EM structures of the NTSR1-Barr1 (left panel; PDB: 6UP7), M2R-Barr1-Fab30(ScFv30) (middle panel; PDB: 6U1N), and NTSR1-Barr1-Fab30 (right
panel; PDB: 6PWC). The NTSR1-Barr1 structure by Huang et al. (2020) uses a cross-linked complex, whereas the other structure determined by Yin et al. (2019)
uses NTSR1-Barr1 fusion protein stabilized by Fab30. The M2R-Barr1 complex has a chemically ligated phosphopeptide (V2Rpp) at the M2R carboxyl terminus
and is further stabilized by Fab30 (ScFv30).

(B) The left panel shows the NTSR1-Barr1 in a reference bilayer to indicate the membrane contact of the C edge of Barr1 (red dotted box), a feature observed in all
three structures. The right panel shows a cryo-EM structure of the NTSR1-G-protein complex (PDB: 60S9). The middle panels indicate a similar docking interface
of Barr1 finger loop and the a5 helix of Gai in the respective structures, a feature that is also apparent upon comparison of M2R-Barr1 and M2R-Gao structures.
(C) Superimposition of the NTSR1-Barr1 structure (PDB: 6UP7) with the crystal structure of rhodopsin-visual arrestin complex (PDB: 5WOP) reveals differential
orientation of Barr1 in the membrane plane. The left panel shows the top view from the extracellular side, the middle panel shows the side view, and the right panel
shows the bottom view from the intracellular side. This rotation of Barr1 is also observed in the NTSR1-Barr1-Fab30 structure but not in the M2R-Barr1-
Fab30(ScFv30) structure.
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reconstituted and cross-linked a complex
of in vitro phosphorylated detergent-solu-
bilized NTSR1 with truncated parri
(1-382) and determined the cryo-EM
structure at 4.2A resolution. Staus et al.
(2020), used a different strategy to recon-
stitute the M2R-Barr1 complex by ligating
a synthetic phosphopeptide derived from
the carboxyl terminus of the vasopressin
receptor (V2R) to the C terminus of M2R
and incorporating the receptor into lipid
nanodisc. They also used a truncated
Barr1 (1-393) for complex formation and
a previously described antibody fragment
(Fab30) for stabilizing the complex (Shukla
et al., 2014) allowing them to determine a
cryo-EM structure at an approximate res-
olution of 4A. In addition to these two
structures, Yin et al. (2019) have also re-
ported a cryo-EM structure of a deter-
gent-solubilized NTSR1-Barr1 fusion pro-
tein at an approximate resolution of 4.8A
that includes a pre-activated Barr1 and
Fab30 for stabilization (Yin et al., 2019)
(Figure 1A).

What do these structures tell us? First,
they allow us to visualize the core interac-
tion interface between the receptor and
Barr1, inaddition to confirming the engage-
ment of phosphorylated residues in the re-
ceptor with the N domain of Barr1. Aninter-
esting feature shared by these structures is
the positioning of the Barr1 finger loop on
the receptor, which is very similar to that
observed for the a5 helix of the Ga. subunits
in the corresponding receptor-G-protein
complexes (Figure 1B). This offers a poten-
tial mechanism of how core-engaged Barrs
can compete with G-protein coupling to the
receptor and lead to the termination of
G-protein signaling. Another striking obser-
vation shared by these structures is the
apparent contact of the C-edge loops of
Barr1 with either the detergent micelle or
lipid nanodisc (Figure 1B). A similar pattern
was also observed for visual arrestin in the
crystal structure with rhodopsin (Zhou
et al., 2017) and further confirmed by fluo-
rescence spectroscopy (Lally et al., 2017).
These findings suggest anchoring of Barr1
to the membrane bilayer, which appears
to influence receptor desensitization and
endocytosis (Staus et al., 2020). In addition
to these shared aspects, these structures
also exhibit some unique features. For
example, Barr1 in the NTSR1-Barri com-
plexes is rotated by about 85°-90° in the
plane of the membrane when compared

to the rhodopsin-visual-arrestin structure
(Figure 1C). Interestingly, this rotation is
not apparent in the M2R-Barr1 structure.
Moreover, in the NTSR1-Barr1 structure, a
potential PIP2 (phosphatidylinositol-bi-
sphosphate) binding site is also identified
on the C lobe of Barr1, which is further
confirmed by mass spectrometry of the re-
constituted complex and appears to
contribute toward receptor-Barri interac-
tion (Huang et al., 2020). It is also worth
noting that the carboxyl terminus of M2R
is very short, and the phosphorylation sites
are localized primarily in the large 3 intra-
cellular loop (ICL3). Several other GPCRs
such as 5-HT serotonin receptors, dopa-
mine receptors, and other muscarinic re-
ceptor subtypes also have similar features.
It is conceivable that such receptors
engage Parrs quite differently than other
GPCRs where the phosphorylation sites
are localized primarily in the carboxyl termi-
nus. Therefore, a complex of M2R, and
other such receptors, with Barrs engaged
through ICL3 is likely to better represent
their native interaction. Taken together,
these findings provide interesting direc-
tions for future studies to better understand
the structural and functional diversity in
GPCR-Barr complexes.

So, what is next? There are numerous
questions that require further studies
going forward. For example, how do the
engagement and conformation of Barrs
differ when they bind to a receptor that is
phosphorylated differently, either in
response to functionally selective ligands
or in the context of different cell and tissue
types? How does Barr2 differ from Barr1 in
its interaction with GPCRs? This is particu-
larly intriguing considering the functional
divergence and conformational differ-
ences between the two Parr isoforms
(Ghosh et al., 2019). Moreover, structural
visualization of larger complexes that
include different binding partners of Barrs
such as clathrin and ERK MAP kinases
may uncover the mechanistic basis of the
multifunctionality of Barrs. Finally, how do
the receptor conformations differ when it
couples to different transducers, for
example, G proteins versus Barrs? This is
a fundamental question in GPCR activa-
tion and signaling, especially in the context
of functional selectivity. Although the over-
all structures of the NTSR1 and M2R in
complex with Barr1 appear to be very
similar to that in complex with G proteins,

will they be significantly different if the re-
ceptors are activated by biased agonists?
Answering these questions would require
structure determination of additional com-
plexes and complementary biophysical
studies probing conformational dynamics
of GPCR-Barr complexes.

In conclusion, these structures offer the
first glimpse of GPCR-Barr engagement
and hopefully, the first milestone in a
long road to understanding the functional
diversity in GPCR-Barr interaction and
leveraging this information for designing
better therapeutics.
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