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STRUCTURAL BIOLOGY

Conformational selection guides b-arrestin
recruitment at a biased G protein–coupled receptor
Andrew B. Kleist1,2†‡, Shawn Jenjak1†, Andrija Sente3, Lauren J. Laskowski4,
Martyna Szpakowska5, Maggie M. Calkins4, Emilie I. Anderson4, Lisa M. McNally4,
Raimond Heukers6§, Vladimir Bobkov6, Francis C. Peterson1, Monica A. Thomas1,2¶,
Andy Chevigné5, Martine J. Smit6, John D. McCorvy4, M. Madan Babu7,8, Brian F. Volkman1*

G protein–coupled receptors (GPCRs) recruit b-arrestins to coordinate diverse cellular processes, but
the structural dynamics driving this process are poorly understood. Atypical chemokine receptors
(ACKRs) are intrinsically biased GPCRs that engage b-arrestins but not G proteins, making them a model
system for investigating the structural basis of b-arrestin recruitment. Here, we performed nuclear
magnetic resonance (NMR) experiments on 13CH3-e–methionine–labeled ACKR3, revealing that
b-arrestin recruitment is associated with conformational exchange at key regions of the extracellular
ligand-binding pocket and intracellular b-arrestin–coupling region. NMR studies of ACKR3 mutants
defective in b-arrestin recruitment identified an allosteric hub in the receptor core that coordinates
transitions among heterogeneously populated and selected conformational states. Our data suggest that
conformational selection guides b-arrestin recruitment by tuning receptor dynamics at intracellular
and extracellular regions.

O
nce thought of as G protein–coupled
receptor (GPCR) off-switches, b-arrestins
are now known to coordinate diverse,
G protein–independent signaling re-
sponses (1). In a phenomenon called

biased signaling,some GPCR ligands (biased
ligands) preferentially recruit b-arrestins or
Gproteins (2). Because they select one pathway,
and therefore a specific functional outcome,
biased ligands have demonstrated advantages
over conventional ligands in preclinical (3–5)
and clinical (6, 7) testing. More than 30% of
US Food & Drug Administration–approved
drugs target GPCRs (8), so understanding the
mechanistic basis by which GPCRs recruit
b-arrestins has important implications for
drug development.
Recent GPCR–b-arrestin structures (9–11)

and biophysical studies of b-arrestin–biased
ligands (12–14) provide mechanistic insights
into b-arrestin recruitment. For instance, struc-

tural comparisons of GPCRs bound to antago-
nists and b-arrestin–biased ligands suggest that
ligand-specific conformational changes gov-
ern b-arrestin recruitment (12, 13). Despite this
progress, how ligand-binding pocket changes
are transmitted to the b-arrestin interface re-
mains poorly understood. Other findings have
complicated our understanding of b-arrestin
recruitment by GPCRs. The identification of
multiple, distinct b-arrestin–recruiting GPCR
conformations suggests there may be multiple
conformational solutions to b-arrestin recruit-
ment (15), but raises the question of how such
different conformations could elicit similar
outcomes. Conversely, nearly identical confor-
mations of b-arrestin– and G protein–bound
GPCRs (9–11) suggest that conformational
changes alonemight not account for b-arrestin
recruitment. Finally, some studies of b-arrestin
recruitment use ligands that provoke re-
sidual signaling at G proteins (16), making it
challenging to isolate the specific molecular
changes leading to b-arrestin recruitment.
Given these complexities, studies of b-arrestin

recruitment could benefit from functionally
decoupled receptors that exclusively recruit
b-arrestin.Atypical chemokine receptors (ACKRs)
represent one such naturally occurring system.
ACKR3 is an intrinsically b-arrestin–biased
GPCR that recruits b-arrestin but does not acti-
vateGprotein (Fig. 1A) (17).Here,we performed
nuclear magnetic resonance (NMR) studies of
ACKR3, showing that b-arrestin recruitment
at an intrinsically biased GPCR is guided by
tuning its conformational equilibrium.

RESULTS

In agreement with prior studies, ACKR3 re-
cruits b-arrestin but does not activate G pro-
tein signaling (Fig. 1, A and B; fig. S1A; and

table S1). To investigate themechanismsunder-
lying b-arrestin recruitment at ACKR3, we first
measured b-arrestin-2 recruitment in response
to a panel of ACKR3 agonists, including the
endogenous chemokine CXCL12 [median effec-
tive concentration (EC50) = 0.75 nM] (18), the
small molecule CCX777 (EC50 = 0.95 nM; max-
imum effect (Emax, % of CXCL12) = 75 ± 2%]
(19), and a recently described peptide LIH383
(EC50 = 4.8 nM; Emax = 83 ± 1%) (Fig. 1C) (20).
We also identified a potent, extracellular-
targeting, ACKR3-competitive antagonist
nanobody called VUN701 [median inhibitory
concentration (IC50) = 1.47 mM] using nano-
body phage display (Fig. 1C; fig. S1, B to F; and
materials and methods). These four ligands
display a range of activities for b-arrestin-2
recruitment, allowing us to sample inactive
(i.e., VUN701-bound) and active (i.e., CCX777-,
LIH383-, and CXCL12-bound) b-arrestin–
recruiting states of ACKR3 (Fig. 1D).
NMR spectroscopy allows simultaneous

characterization of receptor conformation
at multiple sites (21). We previously purified
13CH3-e-Met–labeled, ACKR3-bound CCX777
in lauryl maltose neopentyl glycol/cholesteryl
hemisuccinate (MNG/CHS) micelles for NMR
studies (22), and we used this method for other
ACKR3-ligand complexes here (Fig. 1E, figs. S2
and S3, and materials and methods). As with
other GPCRs, copurification with ligands was
necessary to produce sufficient quantities of
ACKR3 for NMR studies (23). Structural ho-
mology modeling of ACKR3 (fig. S4 and
materials and methods) demonstrates eight
native Met residues (excluding the N-terminal
Met) distributed in ACKR3′s tertiary structure
for NMR labeling. NMR labels serve as sensi-
tive probes reporting on regional changes in
GPCR conformation and dynamics (24, 25). In
this setting, Met2125x39 and Met1383x46 [where
the superscripts indicate GPCRdbnomenclature
(26)] are well positioned to report on confor-
mational changes associatedwith b-arrestin re-
cruitment at ACKR3 because they are located
in key regions of the ligand-binding pocket
(27, 28) and intracellular effector binding in-
terface (29), respectively.
Ligand interactions with TM5 play key roles

in GPCR activation (27, 30), but how confor-
mational changes in TM5 lead to b-arrestin
recruitment is unclear. NMR spectra for the
four ligand-bound states show chemical shift
perturbations (CSPs) for the Met2125x39 peak,
which remains colinear along the 1H axis but
variable along the 13C axis (Fig. 2, A and B).
This indicates that ACKR3 exists along a two-
state equilibrium, with the peaks at either ex-
treme defining the conformational end points
(31). In the CCX777-bound state, downfield
peak positions [~18.2 to 19 parts per million
(p.p.m.)] indicate that 13CH3 is in a trans rota-
mer (end point 1), whereas in the CXCL12- and
LIH383-bound states, upfield peak positions
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(~16 to 16.5 p.p.m.) indicate that 13CH3 is in
a gauche rotamer (end point 2) (Fig. 2B and
fig. S5, A and B) (22, 32–34).
By contrast, in VUN701-bound ACKR3, the

Met2125x39 peak appears between the two end
points at the random coil 13CH3 position, indi-
cating fast conformational exchange between
gauche and trans rotamers in the inactive,
b-arrestin–nonrecruiting state (Fig. 2B). In-
deed, CSPs of Met2125x39 from 13CH3 random
coil vary by ligand type (fig. S5A), suggest-
ing that b-arrestin recruitment is associated
with decreasing exchange amongMet2125x39

rotamers irrespective of which c3 rotameric

state is selected. Antagonists such as VUN701
may fail to constrain the region sampled by
Met2125x39, preserving conformational hetero-
geneity (seen by increased exchange relative to
the active state) and precluding TM5-binding
pocket stabilization required for ACKR3 acti-
vation. Binding data show that Ala mutagen-
esis ofMet2125x39 similarly affects CXCL12 and
VUN701, suggesting that NMR changes be-
tween inactive and active states likely represent
functionally important regional conformational
changes, as opposed to differences in direct
ligand contacts at the probe residue (fig. S5,
C to E, and table S1). Indeed, Met212Ala5x39

has equivalent efficacy for b-arrestin recruit-
ment as wild type (WT) (fig. S5F), indicating
that Met2125x39 reports on but does not itself
mediate functional changes in the TM5 region.
Does this occur in other GPCRs? We iden-

tified all ligand-contacting residues among
structures of (i) GPCRs bound to b-arrestin–
biased ligands (or full-length b-arrestin; joint-
ly called b-arresting–recruiting states) and
(ii) inactive-state structures of the same GPCRs
(fig. S6, AandB).Using contact network analysis
(29, 35), we found that ligands in b-arrestin–
recruiting states make similar numbers of
contacts with residues in TM5 but significantly

Kleist et al., Science 377, 222–228 (2022) 8 July 2022 2 of 7

Fig. 1. b-arrestin–biased signaling at ACKR3 and structural characterization
by NMR. (A) CXCL12 activates b-arrestin but not G protein at ACKR3. (B) CXCL12-
mediated cAMP inhibition of CXCR4 (positive control) and ACKR3 as shown by
Glosensor assay (EC50 = 0.21 nM, CXCR4) (top). CXCL12-mediated b-arrestin-2
recruitment to ACKR3 as shown by Tango assay (EC50 = 3.9 nM, ACKR3) (bottom).
N = 3 in triplicate in both assays. Error bars indicate SEM. (C) b-arrestin recruitment
to ACKR3 as shown by Nano-BiT assay. VUN701 dose response alone could not
be fit (black circles). Purple circles reflect VUN701 dose response with CXCL12
at 3.2 nM . See text and table S1 for EC50 and Emax. All conditions, N = 3 in
duplicate. Error bars indicate SEM. (D) Summary of ligand potency at b-arrestin

recruitment. Structures are not to scale. CXCL12 PDB: 2KEC; nanobody from
PDB 6KNM used to represent VUN701, and LIH383 and CCX777 were modeled
in PyMol. LIH383 sequence is FGGFMRRK (20). The chemical structure of CCX777 is
shown in (19). (E) 1H-13C heteronuclear single quantum coherence NMR spectra
of WT-ACKR3 with various ligands at 310 K. Assigned Met residues are labeled.
Asterisk denotes inferred assignments from other ligand-bound states (see the
materials andmethods). Negative contour peaks are shown in semitransparency and
dashed lines. Peaks marked “a” encompass natural abundance peaks from buffer
and detergent components (see also figs. S2G and S3). All spectra are shown at the
same contour except LIH383, which was lowered to represent M2125x39.
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more contacts with residues in ECL2 and TM7
than do antagonists (Fig. 2C). Thus, TM5may
anchor agonist interactions with ECL2 and
TM7 (27, 36), creating a tripartite lock involving
the 5x39 region (Fig. 2D and fig. S6C), whereas
antagonists fail to stabilize all three lock points
(ECL2, TM5, and TM7) simultaneously.
Large-scale conformational changesunderly-

ing GPCR activation are driven by local re-
arrangements of residues at key positions in
the GPCR structure (so-called microswitch
residues (37). We next examined Met1383x46, a
microswitch residue in the b-arrestin–coupling

region (Fig. 2A) (29). In the three agonist-
bound states (CXCL12-, CCX777-, and LIH383-
bound), the Met1383x46 NMR peak has nearly
identical chemical shifts (Fig. 2E), indicating
that all three agonists elicit a shared confor-
mation of Met1383x46. The upfield position
(~1.3 p.p.m.) of Met1383x46 in the 1H dimension
likely reflects ring current shifts caused by prox-
imity to an aromatic side chain (33, 38, 39).
These data indicate that the agonist-specific
conformations of Met2125x39 (i.e., trans ver-
sus gauche) in the TM5-binding pocket are
funneled into a common conformation at

the b-arrestin–coupling region sampled by
M1383x46.
By contrast, the inactive, VUN701-bound

ACKR3 state is characterized by CSPs of the
Met1383x46 peak in both 1H and 13C values
(Fig. 2E), indicating diminished ring-current
shift (1H dimension), depletion of the gauche
rotamer (13C dimension), and more gauche/
trans exchange (13C dimension). As in the
binding pocket, VUN701 causes the smallest
CSP from random coil 13CH3-e-Met versus the
three agonists, suggesting that agonists reg-
ulate b-arrestin recruitment by decreasing

Kleist et al., Science 377, 222–228 (2022) 8 July 2022 3 of 7

Fig. 2. Conformational changes in the ligand-binding pocket and intracellular
region characterize the b-arrestin–recruiting state. (A) ACKR3 model
depicting M2125x39 and M1383x46 probes. (B) Overlay of M2125x39 peaks from
ligand-bound ACKR3 complexes at 310 K. The 16 to 16.5 and 18.5 to 19 p.p.m.
peaks (13C) correspond to gauche and trans rotameric states, respectively.
Ligand-specific b-arrestin activity is depicted at right. Open and closed
locks depict conformational sampling and restriction, respectively (bottom).
(C) Ligand-residue interactions were compared between antagonist and
b-arrestin–biased ligand-bound GPCRs (see the materials and methods).
Shown is a comparison of the mean number of ligand contacts with TM5,
ECL2, and TM7 residues. *P < 0.05; **P < 0.005, unpaired t test. (D) AT1R

contacts with the ligand TRV023 (b-arrestin–biased; black outline) in TM5,
ECL2, and TM7 are shown as blue spheres (PDB 6OS1). The position of
NMR probe 5x39 in AT1R is shown. Stabilization of TM5-ECL2-TM7 by biased
ligands is depicted as a lock (right). (E) Met1383x46 peaks in all four ligand-
bound states. Upfield peak positions (1H: ~1.3 p.p.m.) of M1383x46 among
agonist-bound states supports ring-current shifts due to aromatic side chain
interactions. Peaks are marked “a” as in Fig. 1. (F) 3x46 contact residues
at 2x43 and 7x53 exclusively in active-state complexes and 6x37 exclusively in
inactive-state complexes (see the materials and methods). (G) b-arrestin
recruitment of WT ACKR3 versus Ala mutants of 3x46-contacting mutants by
NanoBiT (N = 3). See also table S1.
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conformational heterogeneity in this region of
the b-arrestin–coupling region relative to the
inactive state (fig. S7A).
What is the role of 3x46, a known micro-

switch involved in G protein activation (29), in
b-arrestin recruitment among other GPCRs?
We calculated all intramolecular, residue-
residue interactions among structures of
(i) b-arrestin-bound and (ii) inactive-state
structures of GPCRswith resolved side chains
(b1AR and rhodopsin) (fig. S7, B and C), finding
that 3x46 contacts 2x43 and 7x53 in b-arrestin-
bound structures and6x37 in inactive structures
(Fig. 2F and fig. S7, D to F). Of note 7x53 is a
highly conservedTyr among class AGPCRs (37),

and 7x53 and 6x37 have been shown to stabi-
lize GPCRs in G protein signaling (7x53) and
inactive states (6x37), respectively (29).
To investigate whether 3x46 and active-

state contacts fromGPCR-b–arrestin complexes
(2x43 and 7x53) might play a role in b-arrestin
recruitment toACKR3,we testedMet138Ala3x46,
Ile84Ala2x43, and Tyr315Ala7x53 mutants for
b-arrestin recruitment (Fig. 2G and table S1).
AlthoughMet138Ala3x46 and Ile84Ala2x43 min-
imally affected ACKR3 function, Tyr315Ala7x53

almost completely abolished b-arrestin re-
cruitment, demonstrating the essential role
for this residue on ACKR3 activation. The
close proximity of 3x46 to Tyr7x53 (Fig. 2F and

fig. S7, D to F) and the pronounced ring cur-
rent shift (1H) of Met1383x46 (Fig. 2E) in active
but not inactive states of ACKR3 suggest that
Met1383x46 reports on dynamic alterations in
Tyr3157x53 associated with b-arrestin recruit-
ment (33, 38, 39). Active-state interactions be-
tween 3x46 and 7x53 may thus lock this region
in place, decreasing local conformational het-
erogeneity and increasing the likelihood of
b-arrestin engagement. Indeed, receptors con-
tact the b-arrestin finger loop, a key structural
region anchoringGPCR-b–arrestin interactions,
directly at or in the vicinity of 3x46 and 7x53
in b1AR- and rhodopsin-arrestin complexes
(11, 40). By contrast, a more heterogeneous

Kleist et al., Science 377, 222–228 (2022) 8 July 2022 4 of 7

Fig. 3. Mutational inactivation of b-arrestin recruitment through the
conserved polar network. (A) Position of Asn1273x35 in the ACKR3 model
relative to Met2125x39 and Met1383x46. (B) b-arrestin-2 recruitment with CXCL12
for the ACKR3 mutants Asn127Lys3x35 and Asn127Ser3x35 as shown by the
Tango assay. All conditions, N = 3 in triplicate. Error bars indicate SEM. See also
table S1. (C) Close-up view of 1H-13C-HSQC in the Met2125x39 region (right),
highlighting VUN701-WT-ACKR3 (first panel), CXCL12-ACKR3 Asn127Lys3x35

(second panel), CXCL12-WT-ACKR3 (third panel), and CXCL12-ACKR3 Asn127Ser3x35

(fourth panel). (D) Overlay of 13C-HSQC in the Met1383x46 region for WT-ACKR3-
VUN701, ACKR3-Asn127Lys3x35-CXCL12, ACKR3-Asn127Ser3x35-CXCL12, and
WT-ACKR3-CXCL12 complexes. A shaded triangle suggests peak noncolinearity.

Peaks are marked “a” as in Fig. 1. See fig. S8A and legend for the Met1383x46

assignment method. (E) Normalized CSPs for Met2125x39 in the 13C dimension
(y axis) and Met1383x46 in the 1H dimension (x axis) from random coil for
Asn1273x35 mutants and CXCL12- and VUN701-bound WT-ACKR3. Arrows depict
transitions among CXCL12-bound WT-ACKR3 and mutant ACKR3. (F) Depiction of
differences between WT-ACKR3 and Asn127Lys3x35 in CXCL12-bound states.
Despite being bound to CXCL12 (blue key), Asn127Lys3x35 locks ACKR3 in the
inactive state, abrogating CXCL12’s effects on the Met2125x39 and Met1383x46

probes. (G) Comparison of residue-residue interactions AT1R–b-arrestin–
biased ligand and AT1R-antagonist bound states (top) reveals the formation of
a 3x39–7x46 interaction in the b-arrestin state (bottom).
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inactive state (characterized by rotameric ex-
change and a diminished ring current shift
atMet1383x46) may reflect absent interactions
with 7x53 and a lower propensity for b-arrestin
engagement (Fig. 2F).
To what extent are dynamic changes in

extracellular (Met2125x39) and intracellular
(Met1383x46) probes allosterically linked through
the receptor core during ACKR3 activation?
Conserved polar core residues, including the
residueAsn3x35 (12, 41, 42), coordinate a sodium
ion (inactive state) and a water network (active
state) to regulate GPCR activation and bias (Fig.
3A) (42). We investigated the effects of known
inactivating and constitutively activating muta-
tions of conserved polar core residue Asn1273x35

on ACKR3 activation. Consistent with prior re-
sults, the Asn127Lys3x35 mutation showed com-
plete inactivity in b-arrestin recruitment (Fig. 3B),
whereas Asn127Ser3x35 acts as a constitutively
active mutant (Fig. 3B and table S1) (43).
How do Asn1273x35 mutants affect the con-

formation and stability of the binding pocket
and intracellular probes as observed by NMR
chemical shifts? In the context of CXCL12, the
Asn127Lys3x35 mutation shifts the Met2125x39

peak downfield relative to its position in the
WT-ACKR3 complex (Fig. 3C and fig. S8A),
resembling the VUN701-bound state charac-
terized by trans/gauche rotamer exchange
at Met2125x39. This reveals that the receptor
core mutation exerts long-range, allosteric ef-
fects that enhance conformational exchange
in the extracellular ligand-binding pocket. The
Asn127Lys3x35 mutation shifts the Met1383x46

peak downfield in both the 1H and 13C values
to an intermediate position between those in
CXCL12- and VUN701-bound states (Fig. 3D).
This peak is not colinear with CXCL12 and

VUN701, suggesting the occupancy of a third,
distinct conformation in this ACKR3 mutant.
Although Met1383x46 in this mutant occupies
a gauche rotamer (13C: ~16.1 p.p.m.), its 1H
value is closer to that of VUN701-boundACKR3,
suggesting fewer local aromatic interactions
resulting in a diminished ring current shift.
We speculate that this downfield 1H shift re-
flects increased conformational exchange be-
tween both gauche rotamers (i.e., + and –) in
the mutant state, which would weaken inter-
actions with an aromatic side chain compared
with a single gauche rotamer (i.e., + or –) in the
active state (fig. S8B). Regardless, pronounced
downfield 1H shifts and peak broadening of
Met1383x46 in the CXCL12-bound, inactivat-
ing Asn127Lys3x35 mutant reveal that, as in the
ligand-binding pocket, the conserved coremu-
tation abrogates b-arrestin-2 recruitment by
increasing conformational heterogeneity at a
key position in the b-arrestin–coupling region
(Fig. 3E). Thus, a single mutation in the re-
ceptor core, Asn127Lys3x35, destabilizes ACKR3
at extracellular and intracellular sites, over-
riding the effects of CXCL12 to decrease con-
formational exchange present in WT ACKR3
(Fig. 3F).
In the CXCL12-bound, constitutively active

Asn127Ser3x35 mutant receptor, Met2125x39

and Met1383x46 peaks overlay those in the
CXCL12-WT-ACKR3 state (Fig. 3, C to E, and
fig. S8A) despite this state’s unresponsiveness
to CXCL12, indicating that the activating muta-
tion promotes conformational homogeneity
(no rotameric exchange) extracellularly and
intracellularly, even as it decouples allosteric
transmembrane communication. By contrast,
VUN701 decreases the elevated basal b-arrestin
recruitment of ACKR3 Asn127Ser3x35, suggest-

ing that it acts as an inverse agonist at this
mutant (fig. S8C and table S1). As shown by
NMR, the VUN701-bound Asn127Ser3x35 mu-
tant reverts to the inactive (i.e., trans/gauche
interconverting) state at Met2125x39, and the
Met1383x46 peak is diminished, suggesting tran-
sition to a more dynamic state at both probes
(fig. S8, D to G).
Among analyzed GPCR structures (i.e.,

those bound to b-arrestin or b-arrestin–biased
ligands), AT1R is most closely related to ACKR3
and is the only one that shares Asn3x35. Cal-
culation of intramolecular, residue-residue
interactions of AT1R bound to antagonists
and b-arrestin–biased agonists revealed that
whereas 3x35 interacts with 7x46, a key residue
for b-arrestin recruitment (12) in both states,
7x46 interacts with 3x39, which is also involved
in b-arrestin recruitment (12), only in the active
state (Fig. 3G). This rearrangement in turn
shifts the register of TM3 and TM7 relative
to one another in the region above 3x46 and
7x53 (Fig. 3G), suggesting a mechanism by
which 3x35 mutations in ACKR3 might be
transmitted to the b-arrestin–coupling re-
gion as observed at the intracellular probe
Met1383x46. In effect, Asn3x35 mutations in
ACKR3 may function by promoting (active)
or disrupting (inactive) 3x39–7x46 interac-
tions, resulting in decreased (active) or in-
creased (inactive) conformational exchange
at the intracellular probe.

DISCUSSION

Some studies have identified distinct confor-
mational changes associated with b-arrestin
recruitment (12, 13), but others have shown
multiple b-arrestin competent conformations
(14).How can b-arrestin beboth sensitive to and
tolerant of GPCR conformational changes?
The results presented here help to recon-

cile this apparent contradiction by revealing
that whereas b-arrestin is tolerant of diverse
GPCR conformations in some parts of the re-
ceptor, it may have more stringent conforma-
tional requirements in other parts. At TM5
of the ligand-binding pocket, we found that
multiple conformational solutions (15) are
compatible with b-arrestin recruitment. These
multiple-binding-pocket conformations are
funneled into a single active conformation as
monitored at the intracellular probeMet1383x46.
NMR and structural evidence for active-state
interactions between 3x46 and 7x53 suggest
that the stringent intracellular conformational
requirements comprise the intracellular regions
of TM3 and TM7. Indeed, although studies of
AT1R bound to multiple b-arrestin agonists
have revealed diverse intracellular conforma-
tions, most variation was in TM5 and TM6,
with only modest variation in TM7 (14).
Conformational control, although important,

may not fully account for b-arrestin recruit-
ment. The observation that intracellular and
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Fig. 4. Dynamic control
of b-arrestin recruit-
ment to ACKR3. Alloste-
ric regulation of GPCR
b-arrestin activation by
coordinated transitions in
conformational heteroge-
neity. Ligands constrain
(agonists) or promote
(antagonists) conforma-
tional heterogeneity
by altering intermolecular
(ligand-residue) and
intramolecular (residue-
residue) interactions
throughout the GPCR
structure.
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extracellular probes both transition between
conformational heterogeneity (inactive) and
homogeneity (active) suggests that b-arrestin
recruitment is governed in part by tuning the
conformational spectrum sampled by the re-
ceptor. The regulation of b-arrestin recruit-
ment in this manner could help to explain
the apparent agnosticism of b-arrestin for
specific GPCR conformations (14): Altera-
tion of receptor stability in key regions may
tune a GPCR’s ability to couple b-arrestin ir-
respective of conformation (e.g., at Met2125x39).
Likewise, globally different GPCR confor-
mations may be similarly tuned to couple
b-arrestins by decreasing conformational
heterogeneity of the same key epitopes of the
b-arrestin interface.
Ligand-specific modulation of the confor-

mational spectrum observed at NMR probes
supports a role for conformational selection
in b-arrestin recruitment. In this model, a pre-
existing spectrum of conformations is nar-
rowed upon perturbation of the system (44),
in this case by addition of various ligands. In
the ligand-binding pocket, the inactive confor-
mation of M2125x39 is a composite of multiple
active conformations, suggesting that b-arrestin
recruitment is governed not by switching be-
tween distinct on and off conformations, but
rather by selecting one of many active con-
formations (active) versus facilitating rapid
exchange between them (inactive). The same is
only partially true intracellularly: Met1383x46

exists as a composite of trans/gauche rotamers
in the inactive state that is narrowed to gauche-
only rotamers in the active state. Nevertheless,
Met1383x46 only experiences ring current shift
effects in the active state. Although thismight
suggest that the active-state conformation of
Met1383x46 is not accessible to ACKR3 in the
inactive state, it could also reflect sensitivity
limitations of 13C compared with other NMR
nuclei (45).
How might different ligands enhance or

suppress changes in conformational plastic-
ity to regulate b-arrestin? b-arrestin agonists
might be described as stabilizing a particular
set of conformations that facilitate b-arrestin
binding (Fig. 4). Indeed, contact network anal-
ysis of inactive- and active-state structures
of GPCRs reveals enhanced intermolecular
(ligand-residue) and intramolecular (residue-
residue) interactions in b-arrestin active states,
suggesting that b-arrestin agonists might sta-
bilize specific conformations by organizing
denser contact networks. Antagonists fail to
fasten these locks, leaving them open (or con-
formationally heterogeneous), which might
disfavor b-arrestin recruitment (Fig. 4).
Whereas NMR data and structural analysis

point to the association of b-arrestin recruit-
ment with increased stability, other studies
show that G protein activation is associated
with conformational heterogeneity at the intra-

cellular region (46). There are several possible
reasons for this difference. Principally, com-
paredwith extensive GPCR–Gprotein interface
(mediated primarily through the a5-helix of
G protein), GPCR-b-arrestin interactions are
mediated by a smaller, less structured finger
loop. Other reasons include dependence of
G protein (but not b-arrestin) engagement
on outward, destabilizing motions of TM6
(14, 25), and requirement of G protein (but
not b-arrestin) coupling to be linked to GTP
hydrolysis.
We propose roles for receptor conforma-

tions and conformational equilibria in regulat-
ing b-arrestin recruitment, but other aspects of
b-arrestin coupling must also be considered.
For instance, the observed conformational
changes might lead to differences in GPCR
kinase recruitment between antagonists and
agonists, resulting in distinct phosphorylation
patterns that alter GPCR functional properties
(47). Indeed, b-arrestin interaction with phos-
phorylated GPCRs in the absence of core en-
gagement has been shown to be sufficient for
GPCR internalization and b-arrestin–mediated
signaling (but not G protein desensitization)
(48). Nevertheless, other studies have cor-
related the extent of allosteric coupling be-
tween agonists and b-arrestinwith a particular
ligand’s efficacy in b-arrestin recruitment
(49), suggesting at least some role for GPCR
conformational changes dictating b-arrestin
engagement.
In summary, our results show that coor-

dinated, allosterically linked changes in recep-
tor dynamics regulate b-arrestin recruitment
to the intrinsically biased receptor ACKR3.
Our results provide a framework with which
to understand the molecular changes re-
quired for b-arrestin recruitment and provide
insights that may facilitate the design of biased
therapeutics.
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