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Abstract

Signaling bias is the propensity for some agonists to preferentially stimulate G protein-coupled
receptor (GPCR) signaling through one intracellular pathway versus another. We previously
identified a G protein-biased agonist of the D, dopamine receptor (D2R) that results in impaired
B-arrestin recruitment. This signaling bias was predicted to arise from unique interactions of the
ligand with a hydrophobic pocket at the interface of the second extracellular loop and fifth
transmembrane segment of the D2R. Here, we showed that residue Phe189 within this pocket
(position 5.38 using Ballesteros-Weinstein numbering) functions as a micro-switch for regulating
receptor interactions with B-arrestin. This residue is relatively conserved among class A GPCRs,
and analogous mutations within other GPCRs similarly impaired B-arrestin recruitment while
maintaining G protein signaling. To investigate the mechanism of this signaling bias, we used an
active state structure of the By-adrenergic receptor (2R) to build B2R-WT and B2R-Y199°38A
models in complex with the full B2R agonist BI-167107 for molecular dynamics simulations.
These analyses identified conformational rearrangements in p2R-Y199°-38A that propagated from
the extracellular ligand binding site to the intracellular surface, resulting in a modified orientation
of the second intracellular loop in B2R-Y199°-38A, which is predicted to affect its interactions
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with B-arrestin. Our findings provide a structural basis for how ligand binding site alterations can
allosterically affect GPCR-transducer interactions and result in biased signaling.

Introduction

G protein-coupled receptors (GPCRs) represent the largest family of cellular receptors in
mammals and are critical drug targets accounting for approximately one third of all FDA-
approved drugs (1). These receptor proteins regulate multiple physiological processes by
transducing extracellular stimuli, such as neurotransmitters, hormones, peptides, or light,
into intracellular signals through activating both G protein-dependent and independent
pathways, leading to second messenger generation and downstream signaling events. G
protein-independent pathways are primarily mediated by B-arrestin proteins (2-4), which
were originally identified as mediators of agonist-induced desensitization and receptor
endocytosis, but were subsequently determined to also function as multi-valent scaffolding
proteins that orchestrate various intracellular signaling pathways (5). While endogenous
agonists promote GPCR signaling through the activation of both G proteins and p-arrestins,
these events often occur in a temporally separate fashion (6-8). In contrast, some synthetic
agonists have been described to preferentially activate discrete signaling pathways versus
others, a phenomenon known as functional selectivity or biased signaling (9-13). The
therapeutic potential of biased signaling is high because drugs that selectively modulate
clinically relevant pathways, without affecting other signaling events, may exhibit fewer side
effects (14, 15). Although the molecular mechanisms underlying biased signaling are not
known with certainty, a leading hypothesis is that GPCRs can adopt distinct active
conformational states that are selectively stabilized by different signaling biased ligands
(16-20). A detailed understanding of the structural determinants underlying agonist-specific
signaling states of GPCRs should allow for the rational design of novel functionally-
selective agents (13).

Biased signaling can occur not only in response to ligands, but also from mutations in
GPCRs resulting in restricted signaling to specific pathways. For instance, Caron and
colleagues have used the evolutionary trace (ET) method (21) to identify D, dopamine
receptor (D2R) mutants that selectively signal through either G proteins or p-arrestins (22,
23). Similarly, Schonegge et al. (24) used the same ET method to identify signaling biased
mutants of the B,-adrenergic receptor (82R) that were selectively impaired in either Gi- or
B-arrestin-, but not Gs-mediated signaling. Conversely, Donthamsetti et a/. (25) reported a
double mutant of the D2R that could robustly recruit p-arrestin but that was devoid of G
protein-mediated signaling. p-arrestin-biased mutants of the M3 muscarinic receptor have
also been developed for use in the “designer receptors exclusively activated by designer
drugs” (DREADD) technology (26). None of the mutations described in these previous
studies were within, or close to, the ligand binding sites, but rather were situated near the
intracellular surface of the receptors. Further, the previously studied mutations were not
investigated using related GPCRs and thus their generalizability is unclear.

We previously described a G protein-biased D2R agonist, MLS1547, that is efficacious for
G protein-mediated signaling, but relatively ineffective in p-arrestin recruitment (27, 28).
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Structure-activity relationship analyses using MLS1547 and its analogs led to a
pharmacophore model in the context of receptor structure to explain the biased signaling
properties of this compound. This involved the interaction of the ligand with a hydrophobic
pocket comprised of residues 11e184, Phe189 and Val190 within the fifth transmembrane
region (TM5) and second extracellular loop (EL2) of the D2R. Here, we identify residue
Phe189 in the D2R (position 5.38 using the Ballesteros-Weinstein numbering system (29))
as a micro-switch that regulates the active state for recruiting p-arrestin. Our findings
showed that such a switch exists not only for the D2R, but also for several related GPCRs,
including the B2R. Molecular dynamics simulations using an active state structure of the
B2R (30) revealed that mutation of residue 5.38 resulted in conformational rearrangements
that propagate from the extracellular ligand binding site to the intracellular surface, leading
to an altered orientation of intracellular loop 2 (IL2), which is predicted to affect p-arrestin
interactions, thus conferring biased signaling.

Investigation of structural elements supporting signaling bias by the D2R agonist

MLS1547

We previously suggested (27, 28) that the G protein-biased agonist MLS1547 uniquely
interacts with a hydrophobic pocket of the D2R comprised of residues 11e184EL2,
Phe189°-38 and Val1905-3 at the junction between the extracellular tip of TM5 and EL2 of
the D2R (Fig. 1A) (31). Detailed structure-activity analyses showed that congeneric
compounds of MLS1547 lacking a hydrophobic moiety oriented towards this pocket exhibit
more balanced G protein- and B-arrestin-mediated signaling (27, 28), supporting the idea
that ligand interactions with this pocket confer signaling bias. To further investigate the role
of this binding pocket in D2R signaling, we created alanine mutations of the residues
enclosing this pocket (1184EL2A, F189°5-38A, and VV1905-39A). We found that the singly
mutated receptors were expressed at a comparable degree as the wild-type D2R (D2R-WT)
in cells also expressing G protein (fig. S1A) and B-arrestin (fig. S1B) assay components. The
1184EL2A or V190°-39A mutations decreased the potency and maximum response of
MLS1547 for G protein activation, as measured using a bioluminesence resonance energy
transfer (BRET)-based assay with biosensors fused to a and y subunits of Go, an
endogenous transducer of the D2R (32) (Fig. 1B, table S1). The effects of the F1895-38A
mutation were more pronounced, resulting in a complete loss of MLS1547’s ability to
activate Go (Fig. 1B, table S1). However, MLS1547 could still interact with the D2R
F189°-38A as demonstrated by its ability to functionally antagonize dopamine signaling
(Fig. 1C) and compete for radioligand binding (table S2). These results suggest that the
primary effect of the F189°-38A mutation is the elimination of MLS1547 efficacy for G
protein activation. These results highlight the importance of this hydrophobic pocket and, in
particular, identify Phe189°-38 in TMS5 as a pivotal residue in regulating the biased signaling
of MLS1547 through the D2R.

Identification of a G protein signaling-biased mutant D2R

We next evaluated if perturbation of this hydrophobic pocket affected the signaling
properties of dopamine through the D2R. Radioligand binding assays revealed that the
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1184EL2A, F1895-38A and V190%-39A mutant receptors exhibited a 3—10-fold reduction in
the affinity of dopamine (Fig. 1D, table S2). For the 1184EL2A and V1905-3%A mutants, the
potency for dopamine activation of Go was reduced without changes in the maximum
response (Fig. 1E, table S1). Similarly, BRET-based analysis of B-arrestin recruitment to the
1184EL2A and V1905-39A mutants showed that the potency of dopamine was reduced
without a change in Emax (Fig. 1F, table S1). For the D2R-F189°-38A mutant, the potency of
dopamine was reduced for Go activation, similar to the 1184FL-2A and VV190°-39A mutants,
whereas the maximum response was comparable to that of the wild-type receptor (Fig. 2A,
table S1). Similar results were observed using a different G protein-mediated assay
measuring D2R-mediated inhibition of forskolin-stimulated cAMP accumulation (Fig. 2B,
table S3). As with the Go activation assay, the D2R-F189°-38A mutant exhibited a decrease
in dopamine potency for inhibiting cellular cAMP levels, although the maximal response for
this response was comparable to that for D2R-WT (Fig. 2B, table S3). Thus, although the
D2R-F1895-38A displayed reduced potency for dopamine stimulation of G protein-mediated
signaling, the maximum response appeared to be unchanged. In contrast, dopamine was
unable to stimulate B-arrestin recruitment for the D2R-F1895-38A, as assessed by either the
B-arrestin BRET assay (Fig. 2C) or an enzyme complementation assay that measures the
recruitment of B-arrestin to the receptor (Fig. 2D). Similar results were observed for other
full agonists such that B-arrestin recruitment was either lost (for pramipexole and quinpirole)
or greatly diminished (for rotigotine and apomorphine) with the D2R-F189%-38A mutant,
whereas G protein activation was largely maintained with variable decreases in potency (fig.
S2, A to H, and table S4). Calculation of bias factors that take into account effects on both
ECso and Emax (33) for rotigotine and apomorphine, which exhibit residual p-arrestin
recruitment in the D2R-F189°-38 A mutant, confirmed their G protein-mediated signaling
bias (table S4).

To further confirm the diminished ability of agonists to recruit p-arrestin to the D2R-
F189°-38A mutant, we performed a BRET saturation assay (Fig. 2, E and F) in which the
expression of the BRET donor (D2R-Rluc8) was held constant whereas that of the BRET
acceptor (B-arrestin-mVenus) was increased, thus altering the donor/acceptor ratios. In the
presence of the full D2R agonist quinpirole, the BRET signal saturated with increasing -
arrestin-mVenus when the D2R-WT was used (Fig. 2E). In contrast, using the D2R-
F189°-38A mutant (Fig. 2F), quinpirole did not produce a saturable BRET signal, confirming
the inability of this mutant to recruit p-arrestin in the presence of agonist.

One question concerning the differential effects of the D2R-F189°-38A mutation on G
protein- and p-arrestin-mediated signaling was the degree of amplification in the G protein-
mediated assays compared to the p-arrestin assays, which lack amplification. If the G
protein-mediated assays were extremely amplified, then the F189%-38A mutation might
negatively impact signaling efficacy without an observable effect on the maximum response
in the assay. With respect to the D2R-WT, the potency of dopamine was 4-15-fold greater
for stimulating G protein-mediated signaling compared to B-arrestin recruitment, suggesting
some degree of amplication (tables S1 and S3). However, to assess this more directly, we
compared the effects of a partial agonist of the D2R in the two assays. If the G protein-
mediated assay was extremely amplified, then the relative Emax for the partial agonist
should be much greater than that observed in the p-arrestin recruitment assay. The D2R
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partial agonist CAB02-110 (34) (compound 11)) was ~9 fold more potent in the G protein
assay; however, its Emax (compared to dopamine) was only marginally higher compared to
that in the pB-arrestin assay (68% compared to 58%, respectively) (fig. S3). As observed
previously (tables S1 and S3), dopamine was ~15-fold more potent in the G protein
signaling assay (fig. S3). These results suggest that, although there was some degree of
amplification in the G protein-mediated assay, it was not sufficiently high so as to obscure
interpretation of the differential effects of the F1895-38A mutation on the two signaling arms
of the D2R.

We further assessed D2R-mediated p-arrestin recruitment in response to either dopamine
(Fig. 2G) or the D2R agonist pramipexole (Fig. 2H) in mutants in which Phe189°-38 was
substituted using amino acid residues with different physicochemical properties. The only
amino acid substitution that did not negatively impact agonist-stimulated p-arrestin
recruitment was the replacement of phenylalanine with tyrosine, a structurally similar
aromatic amino acid (Fig. 2, G and H, table S5). Together, these results indicate that the
D2R-F1895-38A mutant is selectively biased towards G protein-mediated signaling and
deficient with respect to B-arrestin recruitment.

Impairment of agonist-stimulated internalization of the D2R-F189°-38A mutant

A major function of B-arrestin recruitment is to initiate endocytosis of GPCRs into clathrin-
coated pits, thereby removing them from the cell surface (3, 35, 36). Previously, we showed
that B-arrestin2 mediates agonist-stimulated D2R internalization in neurons (37). To evaluate
the internalization of the G protein-biased D2R-F189°-38A., we used [3H]sulpiride, a D2R
antagonist that labels only cell surface receptors in intact cell binding assays due to its
hydrophilicity and inability to cross the cell membrane (38, 39). Pretreatment with dopamine
significantly decreased cell surface D2R-WT (Fig. 3A), as we have previously described

(28, 38, 39). In contrast, dopamine pretreatment did not affect the cell surface binding of
[3H]sulpiride in cells expressing the D2R-F189°-38A indicating a lack of agonist-induced
receptor internalization (Fig. 3B). We next measured constitutive BRET between the D2R
and the plasma membrane-localized tyrosine kinase Lyn (40), which is decreased by agonist-
induced internalization of the D2R. Treatment with dopamine dose-dependently reduced
constitutive D2R-Lyn BRET in cells expressing the D2R-WT but not in those expressing the
D2R-F189%-38A mutant. Together, these results suggest that impairment of B-arrestin
recruitment in the D2R-F189°-38A functionally impacts B-arrestin-mediated downstream
signaling processes as demonstrated by impaired receptor internalization.

Because the agonists rotigotine and apomorphine exhibit a very low, but measurable level of
B-arrestin recruitment to the D2R-F189%-38A mutant (fig. S2E and S2G, and table S4), we
wondered if these compounds would promote internalization of the mutant receptor to a
corresponding low degree. Rotigotine and apomorphine stimulated maximal internalization
of the D2R-WT, but did not promote substantial internalization of the D2R-F189%-38A (fig.
S4A and S4B). These results suggest that, although p-arrestin is partially recruited to the
mutant receptor in response to rotigotine and apomorphine, the resulting p-arrestin-D2R-
F189°-38A interactions are no longer sufficient to promote receptor internalization.

Sci Signal. Author manuscript; available in PMC 2020 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanchez-Soto et al. Page 6

Functional conservation of residue 5.38 in related GPCRs

Given the importance of Phe189%-38 in the D2R for determining signaling bias, we
investigated the conservation of this and nearby residues among related GPCRs. An
alignment of the residues surrounding the EL2-TM5 hydrophobic pocket revealed that
residue 5.38 is relatively conserved such that either a phenylalanine or tyrosine is present in
all of the catecholamine receptors and all but one of the serotoninergic receptors (Table 1).
In fact, among all 286 human non-olfactory class A GPCRs, 88 (31%) possess Tyr whereas
42 (15%) contain Phe at position 5.38 (www.gpcrdb.org). Either Phe or Tyr at position at
5.38 enabled maximal agonist-stimulated B-arrestin recruitment to the D2R (Fig. 2G and
2H). An additional 27% of non-olfactory class A GPCRs possess Val at this position, which
partially supports p-arrestin recruitment to the D2R (Fig. 2G and 2H). Given the high
conservation of this residue, we wished to examine the closely related D3 and D4 dopamine
receptors (D3R and D4R). Similar to the D2R, the D3R possesses a phenylalanine at
position 5.38. Mutating this residue to alanine (D3R-F188°-38A) abolished dopamine-
stimulated B-arrestin recruitment (Fig. 4A, table S6), whereas dopamine could still
maximally activate G protein-mediated signaling, albeit with reduced potency (Fig. 4B, table
S6). Nearly identical results were observed for the D4R, which contains a tyrosine at
position 5.38 (Tyr1925-38). The D4R-Y1925-38A did not promote B-arrestin recruitment in
response to dopamine stimulation (Fig. 4C, table S6), but fully activated Go when compared
to the D4R-WT (Fig. 4D, table S6).

This analysis was extended to the pB,-adrenergic receptor (B2R), which, unlike the D,-like
receptors, predominantly signals through Gs and activation of adenylyl cyclase. As observed
with the dopamine receptors, mutation of residue 5.38 within the 2R (Y199°-38A)
suppressed the ability of the endogenous agonist, epinephrine, to promote B-arrestin
recruitment to the receptor (Fig. 4E, table S6), with minimal effects on epinephrine
activation of Gs, as determined using a BRET-based assay (Fig. 4F, table S6). Similar results
were observed using isoproterenol and B1-167107, which are p-adrenergic-selective full
agonists (fig. S5A to S5D, table S6).

As for the D2R, we were interested in evaluating the degree of amplification in the p2R-
mediated G protein signaling assay relative to that for B-arrestin recruitment. To this end, we
compared the activities of two B2R partial agonists, formoterol and procaterol, with the the
full agonist BI-167107 for Gs activation and p-arrestin recruitment following stimulation of
the B2R-WT. As previously described (fig. S5C and S5D, table S6), the full agonist
BI1-167107 was slightly (5-7-fold) more potent for Gs activation compared to p-arrestin
recruitment, suggesting some degree of amplification in the Gs assay (fig. S6A and S6B).
When comparing the two functional responses, the ECsq values for the B2R partial agonists
formoterol and procaterol were similar and, while the Emax value for formoterol was slighty
higher in the Gs assay than for B-arrestin recruitment (90% compared to 70%, fig. S6A), the
Emax values for procaterol in the two assays were comparable (fig. S6B). These results
suggest that the Gs activation assay is only minimally amplified compared to the p-arrestin
assay and imply a pivotal role for B2R residue 5.38 in the formation of an active state for
recruiting B-arrestin.
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We noted that there are two naturally occurring human polymorphisms at position 5.38 in
the V5 vasopressin receptor (V2R), which appear to be associated with nephrogenic diabetes
insipidus (41, 42). The V2R normally contains Tyr at position 5.38 (Y205°-38; Table 1);
however, the disease-associated polymorphisms involve a change to either Cys or His, which
result in decreased V2R-mediated cAMP accumulation (41-43). We examined the ability of
the Y205°-38C and Y205°-38H polymorphisms, as well as a Y205°-38A construct, to recruit
B-arrestin and increase CAMP levels. All of the V2R mutants were impaired in their ability
to recruit B-arrestin when stimulated with the full agonist arginine vasopressin (AVP; Fig.
4G). Somewhat mixed results were obtained when intracellular cAMP levels were examined
(Fig. 4H, table S6). The potency of AVP for stimulating cAMP accumulation was reduced
for the three mutant receptors, which may relate to previous reports of reduced cAMP
accumulation with the Y205°-38C and Y205°-38H mutants (41-43). In contrast, we observed
a small, but statistically insignificant increase in the maximum AVP cAMP response with
the Y205°-38A and Y205°-38H mutants (Fig. 4H, table S6) suggesting that perturbing
Y205°-38 in the V2R may exert dose-dependent effects on agonist-stimulated G protein-
mediated signaling.

Allosteric propagation of the 2R Y199°-38A perturbation to the intracellular surface

To investigate how alterations at position 5.38 of the receptor induce conformational
rearrangements that propagate from the extracellular to the intracellular surface resulting in
signaling bias, we used the B2R, for which high-resolution crystal structures of the active
state are available, as a model system to study the underlying molecular mechanisms.
Specifically, we used the crystal structure of B2R in an active conformation (PDB code
4LDE) (30), for building both B2R-WT and Y199%-38A models in complex with the high-
affinity full agonist BI-167107 and carried out molecular dynamics (MD) simulations (table
S7) to detect the perturbation of the Y199°-38A mutation on receptor conformation (Fig. 5, A
to C). We compared the identities and interaction frequencies of the residues interacting with
BI1-167107 under both simulated conditions. We found that the shorter side chain in the
Y199°-38A mutant resulted in 18.4% less frequent interactions with BI-167107 compared to
Tyr1995-38 in the B2R-WT (table S8). Using this extent of difference as a heuristic threshold,
we identified other residues that differentially interacted with BI-167107 in the f2R-WT
compared to the B2R-Y199°-38A, meaning residues having >18.4% differences in interaction
frequencies in the two conditions (table S8). In particular, Thr1644-56, which formed a
hydrogen bond (H-bond) with the side chain -OH of Tyr199%-38 in the B2R-WT (fig. S7), did
not form an H-bond in the Y199°-38A mutant and moved away from the ligand binding site
(Fig. 5B and 5C). In addition, Tyr174EL2 in EL2 bent down to fill the space created by the
loss of the bulky Tyr199°-38 side chain in the mutant construct (Fig. 5B).

These rearrangements of local interactions near the extracellular position 5.38 propagated to
the intracellular surface through the TM3-TM4-TMS5 interface and resulted in changes in
side chain positions such as Met156448, Ala202°541, Ser203542, and Ser207546 at this
interface (Fig. 6A). These coordinated changes consequently resulted in a different tilt of
TM4, face shift of TM4 and TM5 on their extracellular sides, and an altered orientation of
IL2 between TM3 and TM4 in the B2R-Y1995-38A compared to the B2R-WT (Figs. 6A, S8).
Such coordinated changes between the extracellular and intracellular sides of TM4 are
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reminiscent of the differences between the cryogenic electron microscopy (cryo-EM)
structure of the rhodopsin-Gi complex (PDB code 6CMO) (44) and the crystal structure of
the rhodopsin-p-arrestin complex (PDB code 4ZWJ) (45) in the same region. Specifically,
Trp126341, Cys1674-96, Phe159448, Trp175FL2, Phe2035-38, Tyr206541, Met207°42, and
His211546 in rhodopsin form a similar interaction network at the TM3-TM4-TMS5 interface
from the extracellular surface to the middle of the TM domain (Fig. 6B). The
reconfiguration of these interactions in the two complexes affect TM4 and TM5 on their
extracellular sides in a similar fashion as we observed when comparing the MD simulations
of B2R-WT and B2R-Y199°38A and appears to be associated with distinct 1L.2
conformations on the intracellular side: IL2 is helical in the rhodopsin-arrestin complex and
extended in the rhodopsin-Gi complex. Thus, although the residue types are different
between the B2AR and rhodopsin within this interface, it may serve as a common
mechanistic pathway in propagating the impact of ligand binding from the extracellular to
the intracellular side, and consequently be differentially affected by functionally-selective
ligands resulting in biased signaling. The perturbation of this pathway, such as that by the
Y1995-38A mutation in 2R (Figs. 6A, S8) or the F189°-38A mutation in D2R, even from an
extracellular location, should have a similar impact.

DISCUSSION

It is widely appreciated that GPCRs typically signal through multiple pathways involving
different transducers including both G proteins and p-arrestins. As for many GPCRs, biased
agonists that selectively stimulate either G protein- (27, 28, 46-51) or B-arrestin-mediated
pathways (13, 48, 52-55) have been discovered for the D2R, although the underlying
molecular mechanisms are not well understood. Our previous studies (27, 28) with the G
protein-biased agonist MLS1547 indicated that its diminished ability to recruit B-arrestin
was correlated with its interaction with a hydrophobic pocket within the D2R consisting of
residues 11184512, Phe189°-38 and Val190°-39, These results suggest that structural features
within this extracellular hydrophobic pocket may serve as a micro-switch to allosterically
bias the intracellular signaling properties of the D2R. In support of this idea, McCorvy et al.
(13) showed that modifying ligands based on the antipsychotic aripiprazole that result in
strengthened interactions with D2R residue 1le184FL2 affect their ability to stimulate -
arrestin recruitment. To further test this hypothesis, we evaluated the impact of the single-
point mutations 1184E-2A, F189538A and V190°-39A, on D2R signaling activity. Each of
these alterations detrimentally affected the G protein-mediated signaling of MLS1547 with
the F189°-38A mutant resulting in a complete loss of MLS1547 efficacy. These results
further support the notion that this D2R pocket includes structural determinants that
contribute to both ligand efficacy and signaling bias.

Somewhat different results were obtained with the mutant D2R constructs when we
examined signaling in response to the endogenous neutral agonist dopamine. The 1184EL2A
and V190°-39A mutants displayed reduced dopamine-receptor binding affinity and potency
for activating both G protein- and p-arrestin-mediated signaling without a loss of functional
efficacy for either pathway. In contrast, whereas the F189°-38A mutant showed reduced
dopamine binding affinity and potency for G protein-mediated signaling, as was observed
with the other two D2R mutants, its efficacy for stimulating p-arrestin recruitment was
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completely eliminated. Further, the ability of dopamine to maximally activate G protein-
mediated signaling was fully maintained. Because the BRET assays used in these
experiments directly measure D2R-B-arrestin interactions, these results suggest that the
D2R-F189°-38A was impaired in its ability to form an active conformation that recruits and
activates B-arrestin. The observation that the D2R-F1895-38A failed to internalize in
response to agonist stimulation, a process mediated by p-arrestin2 (37), further supports this
conclusion. Together, these results provide evidence that the D2R-F189°-38A is biased for G
protein-mediated signaling and that Phe189°-38 plays a pivotal role in regulating signaling
bias.

A relatively high percentage of class A GPCRs, including catecholamine receptors, have the
aromatic amino acids Phe or Tyr in the 5.38 position, suggesting conservation of function for
these residues. Tyr was the only amino acid substitution for Phe1895-38 in the D2R that did
not negatively impact agonist-stimulated B-arrestin recruitment. Further, substitution of the
5.38 residues in the closely related D3R (Phe1885-38) and D4R (Tyr192°-38) with alanine
similarly eliminated agonist-stimulated p-arrestin recruitment while minimally affecting G
protein-mediated signaling. Because D,-like receptors couple to the Gi/Go family, we
extended our analyses to the B2R, which primarily activates Gs. An alanine mutation of the
5.38 residue (Tyr199°-38) in the B2R resulted in a G protein-signaling biased phenotype in
which p-arrestin recruitment was negated while Gs activation was minimally affected. Thus,
the retention of G protein signaling seen with the Phe/Tyr>38A mutants for non-biased
agonists appears to be independent of G protein coupling preference, whereas p-arrestin
recruitment is consistently attenuated.

The nephrogenic diabetes insipidus-associated human polymorphisms at position 5.38 in the
V2R result in Cys and His substitutions for Tyr at position 205 (Y205°-38C and Y205°%-38H)
(41, 42). We found that both of these alterations, as well as a VV205°-38A substitution, were
associated with a loss of V2R-B-arrestin interactions, in agreement with the results obtained
with the D,-like receptors and p2R. The V2R mutants also exhibited a loss in potency for
agonist-stimulated Gs protein-mediated signaling (cCAMP accumulation), although
maximum signaling activity was maintained. Human polymorphisms or genetic mutations
that negatively affect V2R signaling result in nephrogenic diabetes insipidus (41-43);
however, previous studies have emphasized diminished V2R-mediated cCAMP accumulation
or protein misfolding (41-43, 56, 57). Our current results now describe impaired p-arrestin
recruitment associated with the V2R-Y205C/H>-38 polymorphisms, although further
research is needed to determine how the loss of this pathway might be involved in
nephrogenic diabetes.

Structural studies using crystallography and cryo-EM have provided new insights into the
basis of GPCR activation and coupling with G proteins and p-arrestin signaling molecules.
Different conformers of IL2 within the receptor appear to play a critical role in both of these
interactions. Xu and colleagues have shown that in the rhodopsin-arrestin structure, the N-
and C-domains of arrestin form a cleft between its middle and C-loops that the IL2 (in a
helical conformation) of rhodopsin fits into (45). Notably, mutation of select middle or C-
loop residues in arrestin, or L2 residues in rhodopsin, weaken rhodopsin-arrestin
interactions (45). Conversely, in the rhodopsin-Gi cryo-EM structure (44), the IL2 of
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rhodopsin is in an extended loop (see above) and exhibits less extensive interactions with Gi.
In contrast, in the case of the B2R-Gs structure, the IL2 adopts a small two-turn helix that is
important for Gs activation (58, 59). Dror and colleagues (60, 61) have provided evidence
that arrestin activation is primarily achieved through interaction with the receptor core and
intracellular loops of rhodopsin, specifically IL2 and to a lesser degree 1L3.

Thus, the results of our MD simulations using the p2R as a model system, which predict an
altered orientation of IL2 in response to the Y199°-38A mutation, are consistent with the
observed loss or decrease in agonist-stimulated receptor-p-arrestin interactions. Further, our
results with some agonists that exhibit limited B-arrestin recruitment to the D2R-F189%-38A,
yet are incapable of promoting receptor internalization, suggest that this mutation cripples
the receptor’s ability to activate p-arrestin. In contrast, altered IL2 conformations resulting
from these mutations have a limited impact on G protein-mediated signaling, although
agonist potencies for eliciting G protein activation were variably diminished. Based on the
similar phenotypes of the aligned mutations in the highly homologous class A GPCRs
investigated in this study, we propose that such a mechanistic pathway connecting an
extracellular micro-switch in the ligand binding site to IL2, which directly couples to
signaling proteins, is commonly involved in biased signaling. Indeed, different ligands have
been previously shown to produce distinct conformations of IL2 in other GPCRs (20, 62).

Choi et al. have described a 2R mutation near the juncture of TM5 and IL3 that biases the
receptor for G protein-mediated signaling due to defective GRK5-mediated receptor
phosphorylation leading to diminished p-arrestin interactions (63). These investigators
argued that the mutation did not affect intrinsic receptor-p-arrestin interactions because the
fusion of a phosphorylated V2R peptide to the mutant 2R rescued its ability to undergo f-
arrestin-mediated desensitization. Instead, they concluded that bias for or against p-arrestin-
mediated signaling is mainly regulated through GRK-mediated receptor phosphorylation,
which conceivably can be modulated by biased agonists. Although receptor phosphorylation
by GRKs typically enhances p-arrestin association and its activation, this is not universal
because GPCRs lacking C-termini or phosphorylation sites can still recruit and activate -
arrestin (61, 64). Indeed, we have previously shown that abrogation of GRK-mediated
phosphorylation of the D1R (65) or D2R (38, 39) did not affect their ability to recruit and
interact with p-arrestin. Thus, B-arrestin signaling bias can undoubtedly arise through
different mechanisms that regulate p-arrestin interactions with the GPCR. For instance,
Marureel et al. (66) have shown that a hydrogen-bond network between Ser204543 and
Asn2936-55 in the B2R may underlie B-arrestin signaling bias for select B2R agonists.

In summary, our current study illustrates how structural pertubations in the extracellular
ligand binding site can allosterically propagate to the intracellular surface of a GPCR and
affect its ability to interact with signaling transducers, thus producing signaling bias. The
further elucidation of structural determinants that underlie agonist-specific signaling states
may assist in the rational design of novel functionally-selective agents that can serve as
improved therapeutic agents.

Sci Signal. Author manuscript; available in PMC 2020 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanchez-Soto et al. Page 11

MATERIALS and METHODS

Materials and Reagents

MLS1547 was originally obtained from the NIH Molecular Libraries Screening Center
Network Library (27) and subsequently synthesized and verified for purity at the University
of Kansas Specialized Chemistry Center by Dr. Kevin Frankowski (28). Gaol1-Rluc8, Gp1,
Gyo-mVenus, Gag-Rluc8, CAMYEL biosensor, B-Arrestin2-mVenus, human D2R-Rluc8,
and human D3R-RIluc8 were kind gifts from Drs. Jonathan Javitch and Hideaki Yano at
Columbia University. Additional human receptor cDNAs (D4R, B2R, V2R) were obtained at
cDNA Resource Center (www.cdna.org). Further receptor constructs and mutants were
prepared by Bioinnovatise (Rockville, MD). Constructs were prepared in pcDNA3.1 vectors
and inserts were verified by sequencing. LYN-rGFP (40) was a kind gift from Dr. Michel
Bouvier at the University of Montreal. All tissue culture media and supplies, were obtained
from ThermoFisher Scientific (Carlsbad, CA). All other compounds and chemicals unless
otherwise noted were obtained from Sigma Aldrich (St. Louis, MO).

Cell culture and transfection

HEK293 cells were cultured in DMEM supplemented with 10% fetal bovine serum, 100
U/ml penicillin, and 100 pg/ml streptomycin. CHO-K1-EA cells were cultured in Ham’s
F12 media supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 300 pg/ml hygromycin. Cells were grown at 37°C in 5% CO, with 90%
humidity. HEK293 cells were seeded in 100-mm or 35-mm plates and transfected overnight
using a 1:3 ratio (1 ug DNA: 3 pl of polyethyleneimine (PEI)) diluted to 1 ml in non-
supplemented DMEM and added (100 pl/ml) to the cells already in culture media. Media
was replaced with complete media the following day. CHO-K1-EA cells seeded in 100- or
150-mm plates were transfected with TransIT-LT1 (Mirus Bio, Madison, WI) according to
the manufacturer’s instructions. Media was replaced after 18 hours and cells were plated for
experiments conducted the following day. Concentrations of DNA are indicated for each
experiment type.

Bioluminescence resonance energy transfer (BRET) assays

HEK?293 cells were transiently transfected with a BRET donor and corresponding BRET
acceptor. Briefly, 4 x 106 cells/plate were seeded in 100-mm dishes and incubated overnight.
BRET experiments were performed 48 hours after transfection. The amounts of cDNA used
for each type of BRET assay varied. B-arrestin recruitment BRET assays used 1 pg of
receptor-Rluc8 together with 5 pg of p-arrestin2-mVenus and 5 pug of GRK2 when indicated.
G protein activation BRET assays used 1 g of either Gas-RLuc8 or 0.5 pg Gao-RLuc8
together with Gy,-mVenus, G4, and the corresponding untagged receptor. Receptor
internalization BRET assays used 1 pug of D2R-RLuc8 or D2R-F189A-Rluc8 and 5 g of
LYN-rGFP. On experiment day, cells were harvested, washed and resuspended in DPBS
containing 200 uM sodium metabisulfite and 5.5 mM glucose. Cells were then plated in 96-
well white, solid bottom plates (Greiner Bio-One) and incubated in the dark for 45 min.
BRET signals were measured in the presence of 5 UM coelenterazine h (Nanolight
Technology) for BRET? (Rluc8-mVenus) or 2 uM Prolume Purple coelenterazine (Nanolight
Technology) for BRET? (Rluc8-rGFP). Dose-response curves were performed by adding
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coelenterazine h or Prolume Purple, as appropriate for the sensor, for 5 minutes followed by
addition of the indicated concentrations of agonist for 5 minutes. BRET signals were
determined by calculating the ratio of the light emitted by mVenus (535/30 nm) over that
emitted by Rluc8 (475/30 nm) for BRETY, and the ratio of the light emitted by GFP2 or
rGFP (515 nm) over that emitted by Rluc8 (410 nm) for BRET? using a Pherastar plate
reader (BMG Labtech, Cary, NC). Net BRET values were obtained by subtracting the
background ratio from untreated cells. Agonist-promoted BRET changes were expressed as
a percent of the maximum response of the wild type receptor for each ligand. For saturation
BRET experiments, BRET donor concentrations (Rluc-tagged) were held constant and
BRET acceptor amounts (mVenus-tagged) were increased. The net BRET values were
obtained by subtracting the background ratio obtained from cells without BRET donor.
Receptor expression levels were verified across experiments via measurement of Rluc8 for
assays with a Rluc8-tagged receptor and found to be consistent from experiment to
experiment. In addition, fluorescence levels were also monitored to control for expression
across experiments by plating cells in 96-well black solid bottom plates (Greiner Bio-One)
and measuring mVenus or GFP (480/530) emission.

CAMYEL biosensor assay for cCAMP

Cyclic-AMP accumulation was measured by employing the CAMYEL (yellow fluorescence
protein-Epac-Rluc) biosensor as previously described (67). Briefly, 4 x 106 HEK293 cells/
plate were seeded on 100-mm dishes and incubated overnight. Cells were then transfected
with 5 ug of untagged receptor and 5 ug of CAMYEL biosensor using the PEI method
described above. BRET experiments were performed 48 hr after transfection. On experiment
day, cells were harvested, washed and resuspended in DPBS containing 200 M sodium
metabisulfite and 5.5 mM glucose. Cells were plated in 96-well white, solid bottom-plates
(Greiner Bio-One) and incubated in the dark for 45 min. For Gao.mediated adenylyl cyclase
inhibition, cells were pretreated for 5 min with 10 pM forskolin and 10 uM propranolol (to
block endogenous p-adrenergic receptors). Cells were then stimulated for 5 min with agonist
and BRET signal was determined by calculating the ratio of the light emitted by mVenus
(535/30 nm) over that emitted by RLuc8 (475/30 nm) (BRET?) using a Pherastar plate
reader (BMG Labtech, Cary, NC). The net BRET values were obtained by subtracting the
background ratio from untreated cells. Agonist-promoted BRET changes were expressed as
a percent of the maximum response of the wild type receptor for each ligand.

DiscoverX p-arrestin recruitment assay

The ability of the agonist-activated receptor to recruit p-arrestin2 was also determined using
the DiscoverX PathHunter technology (DiscoverX, Fremont, CA). Assays were conducted,
with minor modifications, as previously published by our laboratory (27). In brief, 1.5
million CHO-K1-EA cells stably expressing B-arrestin fused to an N-terminal deletion
mutant of B-galactosidase were transfected 24 hours after seeding with 5 pg of either D2R-
WT of D2R-F189A fused to a complementing N-terminal fragment of B-galactosidase using
the TransIT-LT1 transfection reagent (Mirus Bio). 18 hr later, cells were detached and
seeded at a density of 7000 cells/well in 384-well black bottom plates. After 24 hr of
incubation, the cells were treated with multiple concentrations of compound in PBS and
incubated at 37°C for 90 minutes. DiscoverX reagent was added to cells according to the
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manufacturer’s recommendations and incubated for 45 min at room temperature.
Luminescence was measured on a Hamamatsu FDSS (Cell reader. Data were collected as
RLUs and subsequently normalized to a percentage of the control luminescence seen with a
maximum concentration of dopamine using the D2R WT with 0% representing RLUs seen
in the absence of any compound. The Hill coefficients of the concentration response curves
did not differ from unity.

Lance assay for cAMP

Cyclic-AMP accumulation was measured by using the TR-FRET-based LANCE cAMP
assay (Perkin Elmer). Briefly, 4 x 108 HEK293 cells/plate were seeded on 100-mm dishes
and incubated overnight. Cells were then transfected with 5 pg of untagged V2R-WT, V2R-
Y209A, V2R-Y209C or V2R-Y209H using the PEI method as described above. 16 h later
the media was replaced with fresh media. 48 hours after transfection cells were harvested,
washed and resuspended in HBSS containing 200 pM sodium metabisulfite and 20 pM
HEPES, and were plated in 384-well white bottom plates at 1 x 10° cells/mL and 5 uL/well.
Immediately after plating, cells were treated with 5 pl of varying concentrations of arginine
vasopressin (AVP) and incubated for 30 min at room temperature. 5 pl of Tracer and 5 pl of
a-CAMP were added to each well according to the manufacturer’s protocol and cells were
incubated in the dark for 2 hours at room temperature. Plates were read on a PheraSTAR
plate reader (BMG Labtech, Cary, NC) with excitation at 337 nm and emission at 620 nm
and 665 nm. Data were obtained as the ratio between A (excitation at 337 nm/emission at
665 nm) and B (excitation at 337 nm/emission at 620 nm). Data are represented as a
percentage of the maximum response of the wild type receptor.

Membrane [3H]methylspiperone binding assay

Radioligand competition and saturation binding assays were conducted with slight
modifications as previously described by our laboratory (27, 28). For competition binding
experiments, 1.5 x 106 CHO-K1-EA cells were seeded in 100-mm dishes and incubated
overnight. The next day, cells were transfected with 10 g of indicated non-tagged receptor
construct using the TransIT-LT1 transfection reagent (Mirus Bio). For saturation binding
experiments, 4 x 106 HEK293 cells were seeded in 100-mm dishes and incubated overnight.
The next day, cells were transfected with 5 pg of indicated nontagged receptor along with 1
ug of Gao-RLuc8, 5 ug of Gy,-mVenus and 4 pg of Gp or with 1 pg of indicated receptor
tagged with Rluc8 along with 5 pg of p-arrestin2-mVenus and 5 ug of GRK2 using TransIT-
LT1 (Mirus Bio). 48 hr after transfection, cells were dissociated from plates using EBSS-,
and intact cells were collected by centrifugation at 900 g for 10 minutes. Cells were
resuspended and lysed with 5 mM Tris-HCI and 5 mM MgCl, at pH 7.4 at 4°C. Cell lysate
was pelleted by centrifugation at 30,0009 for 30 minutes and resuspended in EBSS + CaCl,
at pH 7.4. Cell lysates (100 uL, containing ~10-20 pg of protein, quantified by the Bradford
Assay) were incubated for 90 min at room temperature with the indicated concentrations of
dopamine or MLS1547 and 0.2 nM [3H]methylspiperone (for competition binding assays) or
the indicated concentrations of [3H]methylspiperone (for saturation binding assays) in a final
reaction volume of 250 pL. Nonspecific binding was determined in the presence of 4 uyM
(+)-butaclamol. Bound ligand was separated from free by filtration through a PerkinElmer
Unifilter-96 GF/C 96-well microplate using the PerkinElmer Unifilter-96 Harvester
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(PerkinElmer, Waltham, MA), washing three times with 1 ml/well ice-cold assay buffer.
After drying, 50 ul of liquid scintillation cocktail (MicroScint PS; PerkinElmer) was added
to each well, and plates were sealed and analyzed on a PerkinElmer Topcount NXT.

[3H]sulpiride binding assay in intact cells

Cell surface receptor expression was determined using the membrane impermeant
radioligand [3H]sulpiride in intact cell binding assays (38, 39). 13 x 105 HEK293 cells were
seeded in 150-mm dishes and incubated overnight. The next day, cells were transfected with
20 pg of non-tagged D2R-WT or D2R-F189A plus 20 pg of GRK2 using the PEI method
described above. Cells were seeded into poly-D-lysine-coated 6-well plates 1 day before the
assay at a density of 1 x 106 cells/well. 24 hr after plating, cells were incubated in the
presence of either 0.2 mM sodium metabisulfite (control) or 0.2 mM sodium metabisulfite
plus 30 uM dopamine in DMEM for 1.5 hours at 37°C. Stimulation was terminated by
rapidly cooling the plates on ice and washing the cells three times with ice-cold EBSS. Cells
were then incubated with 0.5 ml of [®H]sulpiride in EBSS (final concentration, 7.3 nM) at
4°C for 3.5 hours. Nonspecific binding was determined in the presence of 7.5 UM (+)-
butaclamol. Cells were washed three times with ice-cold EBSS and removed from plates
with 0.5 ml of 1% Triton X-100 and 5 mM EDTA in EBSS. Samples were mixed with 2 ml
of liquid scintillation mixture and counted with a Beckman LS6500 scintillation counter.
Cells used to measure protein concentration were incubated with EBSS without
[3H]sulpiride, and a Bradford assay was used to determine total cellular protein
concentration per well. Data are represented as specific binding in fmol/mg protein.

Bias factor calculation

Dose-response data for apomorphine and rotigotine were fitted to the following form of the
operational model of agonism (68) to allow the quantification of biased agonism as
described in (69):

n
(Epy — basal)(KiA) [A]"
Y = Basal +

n v M [A] "
[4] (TA) +(+ TA)

Where E, is the maximal possible response of the system, Basal is the basal level of
response, Kp represents the equilibrium dissociation constant of the agonist (A) and zis an
index of the signalling efficacy of the agonist that is defined as R/ Kg, where Ry is the total
number of receptors and Kg is the coupling efficiency of each agonist-occupied receptor,
and nis the slope of the transducer function that links occupancy to response. The analysis
assumes that the transduction machinery used for a given cellular pathway are the same for
all agonists, such that the £y, and transducer slope () are shared between agonists. D2R WT
and D2R F189A dose-response data for apomorphine and rotigotine were fit for each
pathway (G protein and B-arrestin) to determine values of Ka, Tand transduction coefficient
(Log(t/Kp)). ATransduction coefficients (ALog (t/Ka) = Log (t/Ka)p2r wT - Log(t/
Ka)p2r F189a) Were calculated for the G protein and p-arrestin data for each compound.
AALog (t/Kp) is obtained by substracting the Atransduction coefficient for G protein from
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the Atransduction coefficient for p-arrestin. The bias factors are the antilogs of AALog
(t/Kp) and are shown in table S4.

Molecular dynamics (MD) simulation system setup and protocol

Initial coordinates of active state f2R bound to agonist BI-167107 were downloaded from
(Protein Data Bank (PDB) entry 4LDE (30, 70). The BI-167107 bound 2R crystal structure
was determined using a B2R-T4 lysozyme (B2R-T4L) fusion protein in which the T4L was
fused to the N-terminus of the receptor in presence of camelid antibody fragment. We
omitted T4L and camelid antibody fragment from all of our MD simulations. Additionally,
unresolved parts of intracellular loop-3, N- and C-termini were omitted from the
simulations. Four mutations (M96T, M98T, N187E, C265A according to UNIPROT
numbering) that were introduced in the 2R crystal structure were mutated back to wild-type
residues. Missing atoms of residues Lys60, Glu62, Lys149, Phe223, GIn224, GIn231,
Lys263, Phe264, Lys270 were added using Maestro (Schrodinger, LLC). Asp79%0,
Glu122341, and Asp130349 were protonated as described previously (71).

Prepared receptor—ligand complexes were inserted into explicit palmitoyl-2-
oleoylphosphatidylcholine (POPC) lipid bilayer environment using Desmond MD System
(version 4.5; D.E. Shaw Research, New York, NY). The system charges were neutralized,
and 150 mM NaCl was added. Overall the simulation systems consisted of ~107889 atoms
containing 297 lipid molecules, 58 sodium ions, 67 chloride ions, and 21092 explicit water
molecules. To elucidate how Ala substitution for Tyr>-38 which lies towards the extracellular
side in 2R, affects B-arrestin interactions with the intracellular side of the receptor, in silico
B2R-Y1995-38A MD simulation systems were prepared from representative frames from
equilibrated p2R-WT MD simulation trajectories.

MD simulation systems were simulated using Desmond MD System (version 4.5; D.E.
Shaw Research, New York, NY) with the OPLS3 force field (72) and TIP3P water model.
The protein-membrane relaxation was carried out with a protocol modified from that
developed by Schrédinger, LLC. Briefly, the MD simulations were energy minimized and
equilibrated for 1 ns with restraints on all protein and ligand heavy atoms, and then were
equilibrated for 12 ns with restraints only on the protein backbone and ligand heavy atoms.
For both the equilibrations and the following unrestrained production runs, we used
Langevin constant pressure and temperature dynamical system (73) to maintain the pressure
at 1 atm and the temperature at 310K, on an anisotropic flexible periodic cell with a
constant-ratio constraint applied on the lipid bilayer in the X-Y plane. For both f2R-WT and
B2R-Y199%38A we collected 14 trajectories with an aggregated simulation length of 21.0 ps
(table S7).

Conformational analyses

To identify equilibrated portions of the MD trajectories that were used for the following
conformational analysis, frames from p2R-WT and B2R-Y199%38A MD trajectories were
clustered using previously described Protein Interaction Analyzer (P1A) program (74).
Briefly, the PIA clusters all frames from the MD trajectories based on a dissimilarity matrix
of pairwise Ca-ifRMSDs (namely, the iterative fit RMSD of all the Ca atoms) (75) and
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ensures that the same clustering criteria are applied consistently for all of the trajectories
across the simulated conditions. For this study, we utilized Ca atoms of previously identified
34 ligand binding residues (76) to perform clustering. These 34 residues include those at
positions 2.61, 2.64, 2.65, EL1.50, 3.28, 3.29, 3.32, 3.33, 3.36, 3.37, 3.40, 4.57, EL2.52,
5.38, 5.39, 5.43, 5.46, 5.47, 6.44, 6.48, 6.51, 6.52, 6.55, 6.56, 6.58, 6.59, 7.32, 7.35, 7.36,
7.39, 7.42, and 7.43 according to Ballesteros-Weinstein numbering.

From the equilibrated portions of the MD trajectories, we computed the protein residues
within 5 A of the heavy atoms of BI-167107 and calculated the percentage time any protein
residue heavy atom was within the distance cutoff (interactions frequencies). Residues
having interactions frequencies >/= 25% in at least one of the conditions are given in Table
S8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Investigation of structural elements supporting G protein-biased signaling by the D2R.
(A) Pharmacophore model for MLS1547 interactions with the D2R (modified from (27)).

(B) The D2R-WT or the indicated D2R mutants were expressed in HEK293 cells with
Goal-Rlucg, B1, and y2-mVenus. The cells were stimulated with MLS1547 and assayed for
G protein activation by BRET. (C) HEK293 cells expressing D2R-F189°-38A, Goa 1-Rlucs,
B1, and y2-mVenus were incubated with 13 pM (ECgp) dopamine and the indicated
concentrations of either sulpiride or MLS1547 and assayed for G protein activation by
BRET. (D) Membrane preparations from HEK293 cells expressing either D2R-WT or D2R-
1184EL2A V1905-39A or F189°-38A were incubated with the indicated concentrations of
dopamine and [3H]methylspiperone. Data are expressed as a percentage of the specific
binding and fit using non-linear regression analyses (table S2). (E) HEK293 cells described
in (B) were stimulated with dopamine and assayed for G protein activation. (F) The D2R-
WT and indicated mutant receptors were fused to Rluc8 and expressed with B-arrestin2-
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mVenus and GRK2 in HEK293 cells. Dopamine-stimulated B-arrestin recruitment was
assessed by BRET. Functional data are expressed as a percentage of the maximum dopamine
or MLS1547 responses for D2R-WT (% control). Data in (B) to (F) represent the mean +
SEM values of 3-5 independent experiments performed in technical triplicate. Average ECsg
and Emax values for functional assays are displayed in table S1.
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Figure2. The F1895-38A mutation confers G protein signaling biasin the D2R.
(A) HEK293 cells transiently expressing either D2R-WT or D2R-F1895-38A with Goa.1-

Rlucg, 1, and y2-mVenus were stimulated with dopamine and assayed for G protein
activation by BRET. Average ECsg and Emax values are displayed in table S1. (B) HEK293
cells transiently expressing D2R-WT or D2R-F189°-38A with the CAMYEL biosensor were
assayed for inhibition of forskolin-stimulated cCAMP production. Average ECgg and Emax
values are displayed in table S3. (C) The D2R-WT and F189°-38A receptors were fused to
Rluc8 and expressed in HEK293 cells with p-arrestin2-mVenus and GRK2. Dopamine-
stimulated p-arrestin recruitment was assessed by BRET. Average ECsq and Emax values
are displayed in table S1. (D) D2R-WT or D2R-F1895-38A were fused to a segment of B-
galactosidase and expressed in CHO cells with p-arrestin2 fused to a complementing
segment of B-galactosidase. Dopamine-stimulated complementation of B-galactosidase was
measured. Average ECsg and Emax values are shown in table S3. (E to F) Molecular
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proximity between D2R-WT or D2R-F189%-38A and B-arrestin2 was detected with titration
experiments performed in HEK293 cells. Cells expressing a fixed amount of D2R-WT-
Rluc8 or D2R-F189°-38A-RIuc8 and increasing amounts of B-arrestin2-mVenus were
incubated in the presence or absence of 10 UM quinpirole. p-arrestin recruitment was
assessed by BRET. X-axes represent the ratio between the fluorescence emitted by p-
arrestin2-mVenus and the luminescence emitted by D2R-WT or D2R-F189°-38A-Rluc8. Y-
axes represent the BRET ratio. (G to H) The D2R-WT and indicated mutant receptors fused
to Rluc8 were expressed in HEK293 cells with B-arrestin2-mVenus and GRK2. Dopamine-
(G) or pramipexole (H)-stimulated p-arrestin recruitment was assessed by BRET. Average
ECso and Emax values are displayed in table S5. All functional data are expressed as
percentage of the maximum response observed for D2R-WT. Data points in (A) to (H)
represent mean = SEM of 3-14 independent experiments performed in technical triplicate.
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Figure 3. The G protein-biased D2R-F189°-38A exhibitsimpaired agonist-induced
internalization.

(A and B) HEK293 cells expressing either D2R-WT (A) or D2R-F189°-38A (B) were
incubated for 1.5 hours with vehicle or 10 uM dopamine. Surface expression of the receptor
was measured with an intact cell binding assay using [3H]sulpiride. Data are representative
of three independent experiments. *p<0.05, unpaired Student’s ftest. (C) HEK293 cells
transiently expressing either D2R-WT-RIuc8 or D2R-F189°-38A-Rluc8 with LYN-rGFP
were treated with increasing concentrations of dopamine for 10 min. The interaction
between D2R and LYN was measured by BRET. In the graph, the constitutive basal BRET is
defined as 100% control and maximum dopamine-induced decrease in BRET is defined as
0%. The ECsgq for dopamine-induced internalization was 88 + 19 nM. No measurable
internalization was observed with the D2R-F189%-38A. Data in (A) to (C) are mean + SEM
of 4 independent experiments performed in technical triplicate.

Sci Signal. Author manuscript; available in PMC 2020 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sanchez-Soto et al.

Page 27

B-Arrestin G protein
[ "
Bl o
A -, B -
5 - WT D3R -+ WT D3R
L1001 Figga 1001 & Figsa
O — E=
£2 T3
‘g g 50- ‘35 504
[+
2E g<
]
- 01 i o -
1010 109 100 104 10710 10° 10 104
Dopamine [M] Dopamine [M]
- WT D4R - WT D4R
190 o yigen o "% vioon
@O = =
£2 4
s
R §8 =]
£ &2
g 3%
a
e 4 : ; Ly : , :
101 10# 0% 10+ 100 10# 10t 104
Dopamine [M] Dopamine [M]
E F
:
= Bs
= & o =2
85 83
<2 @ ;2
g. = o
o
-3
10710 10 10 10 10710 104 104 104
Epinephrine [M] Epinephrine [M]
cAMP
g | WTV2R
& 2
¢ K] - Y205A
g g Ewo - Y205C
'5 = g L+ Y205H
g3 38
e g = 504
L =
@ k]
- [+ 4
=" o . ]
1010 10° 108 10 1012 10° 104
AVP [M] AVP [M]

Figure 4. Mutation of 5.38 confers G protein signaling biasin multiple GPCRs.
(A) The D3R-WT and D3R-F1885-38A were fused to Rluc8 and expressed in HEK293 cells

with pB-arrestin2-mVenus and GRK2. Dopamine-stimulated B-arrestin recruitment was
assessed by BRET. (B) The D3R-WT and D3R-F188°-38A were expressed in HEK293 cells
with Goa.1-Rluc8, B1, and y2-mVenus. The cells were stimulated with dopamine and
assayed for G protein activation by BRET. (C) Dopamine-stimulated p-arrestin recruitment
was assessed for the D4R-WT-RIuc-8 and D4R-Y1925-38A-Rluc8 as described in (A). (D)
Dopamine-stimulated Go activation was assessed for the D4AR-WT and D4R-Y1925-38A as
described in (B). (E) The B2R-WT and B2R-Y199°38A were fused to Rluc8 and expressed
in HEK293 cells with B-arrestin2-mVenus. Epinephrine-stimulated p-arrestin recruitment
was assessed by BRET. (F) The B2R-WT and B2R-Y199%38A were expressed in HEK293
cells with Gag-RLuc8, p1, and -y2-mVenus. The cells were stimulated with epinephrine and
assayed for G protein activation by BRET. (G) V2R-WT or the indicated V2R mutant were
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fused to Rluc8 and expressed in HEK293 cells with p-arrestin2-mVenus and assayed for
AVP-stimulated p-arrestin recruitment by BRET. (H) HEK293 cells expressing either V2R-
WT or the indicated V2R mutant were assayed for AVP-stimulated cCAMP accumulation
using the TR-FRET-based Lance cAMP Detection kit. Data are expressed as a percentage of
the maximum response for WT receptor. Average ECsg and Emax values are found in table
S6. All data points represent the mean + SEM of 3-6 independent experiments performed in
technical triplicate.
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Fig. 5. B2R-Y 199%38A changes the packing among TM4, TM5, and EL 2.
(A) The crystal structure of p2R-BI-167107 complex in active conformation (PDB ID

4LDE) (30). (B) Magnified view of the ligand binding site (the boxed region in (A)) in B2R-
WT and p2R-Y199%-38A, In B2R-WT (brown structure), the sidechain -OH of Tyr>38 forms
a hydrogen bond (dashed magenta line) with the backbone oxygen of Thr4-6, In the absence
of this H-bond, and the loss of the bulky sidechain of Tyr>-38 in 2R-Y199%-38A (green
structure), Tyr174EL2 bends down to interact with BI-167107. (C) The distance between
Tyr®38 and Thr4-56 (Cg-Cp) is larger in B2R-Y199538A indicating a rearrangement of
Thr#56 away from the ligand binding site.
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Rhodopsin -
-B-arrestin bound

Nt

Fig. 6. Local disruption near position 5.38 propagatesto theintracellular loop 2 (1L 2) through
the TM3-TM4-TM5 interface.

(A) The B2R-WT (brown) and B2R-Y1995-38A (green). (B) The rhodopsin-Gi complex
(PDB code 6CMO) (44) (gold) and the rhodopsin-p-arrestin complex (PDB code 4Z\WJ)
(45) (silver).
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Table 1.

Alignment of hydrophobic pocket residues for select GPCRs.

GPCR ECL2-TM5 Sequence”

4552 535 536 537 538 539 540
DIR lle
D2R Val
D3R lle
D4R Val
D5R lle
5-HT1AR lle
5-HT1BR Val
5-HT2AR Leu
5-HT2BR Leu
5-HT2CR Leu
alA Leu
alB Leu
alD Val
a2A lle
a2B Leu
a2C Leu
BIR lle
B2R lle
B3R Leu
V2R

Page 31

*

Amino acid positions in transmembrane (TM) regions are delineated using Ballesteros and Weinstein nomenclature (29). The amino acid position
in extracellular loop 2 (EL2) is delineated using the nomenclature developed by de Graaf et al. (77). Yellow indicates nonpolar amino acids with an
aliphatic group (Ala, Val, lle, Leu, Met, Gly); light green indicates hydrophobic amino acids with an aromatic ring (Phe, Tyr); dark green indicates
Trp; purple indicates polar amino acids with an uncharged side chain (Ser, Thr, Asn, GIn); light grey indicates Pro; red indicates negatively charged
amino acids (Glu, Asp); blue indicates positively charged amino acids (Arg, His, Lys).
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