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Agonist-activated G protein-coupled receptors (GPCRs) must cor-
rectly select from hundreds of potential downstream signaling
cascades and effectors. To accomplish this, GPCRs first bind to an
intermediary signaling protein, such as G protein or arrestin. These
intermediaries initiate signaling cascades that promote the activity
of different effectors, including several protein kinases. The rela-
tive roles of G proteins versus arrestins in initiating and directing
signaling is hotly debated, and it remains unclear how the correct
final signaling pathway is chosen given the ready availability of
protein partners. Here, we begin to deconvolute the process of
signal bias from the dopamine D1 receptor (D1R) by exploring
factors that promote the activation of ERK1/2 or Src, the kinases
that lead to cell growth and proliferation. We found that ERK1/2
activation involves both arrestin and Gas, while Src activation de-
pends solely on arrestin. Interestingly, we found that the phos-
phorylation pattern influences both arrestin and Gas coupling,
suggesting an additional way the cells regulate G protein signal-
ing. The phosphorylation sites in the D1R intracellular loop 3 are
particularly important for directing the binding of G protein versus
arrestin and for selecting between the activation of ERK1/2 and
Src. Collectively, these studies correlate functional outcomes with
a physical basis for signaling bias and provide fundamental infor-
mation on how GPCR signaling is directed.
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he classical paradigm of G protein-coupled receptor (GPCR)

signaling posits that agonist-activated GPCRs bound G pro-
teins, which in turn stimulated effectors that regulate second mes-
sengers and initiate a cellular response. To terminate G protein-
dependent signaling, GPCR kinases (GRKs) phosphorylate active
GPCREs at their carboxyl terminus and/or intracellular loops, thereby
priming them for arrestin binding (1). Arrestins bind to phosphor-
ylated and activated receptors with high affinity, which simulta-
neously prevents further G protein coupling (desensitization) and
initiates receptor internalization. Later it was discovered that
receptor-associated arrestins also direct signaling toward alternative
pathways. In arrestin-mediated signaling, which is almost exclusively
supported by the nonvisual arrestins (i.e., arrestin-2 and arrestin—?fr),
arrestins act as scaffolds or signal adapters (2-6), binding simulta-
neously to activated and phosphorylated GPCRs and downstream
effectors.

Although it is tempting to divide GPCR signaling into these two
branches, G protein dependent and arrestin dependent, the nature
of signaling in the cell is much more complex (reviewed in refs. 1,
7, and 8). As a result, this classical paradigm does not fully explain
the range of biological responses observed when a GPCR is ac-
tivated. For example, agonist identity can affect the recruitment of
different G proteins or arrestins, which determines the selection of
downstream effectors (9). In addition, some activated GPCRs may
interact directly with noncanonical signaling partners, including
Src-family kinases (10-21). There are also numerous studies sug-
gesting a specific role for the nonvisual arrestins in receptor-
independent activation of ERK1/2, AKT, JNK3, and NF-«xB (6,

www.pnas.org/cgi/doi/10.1073/pnas.1918736117

22-26). Complexity of the signaling process is further increased by
cross-talk between the signaling pathways initiated by G proteins
and arrestins (27). When one considers the sheer number of re-
ceptors, ligands, effectors, and alternative pathway connections, it
is not surprising that the best efforts of the field have not yet been
able to identify how an extracellular stimulus, be it hormonal or
sensory, directs signaling toward the correct biological response.
The complexity of GPCR signaling is well exemplified by the five
dopamine receptors (D1R-D5R). Dopamine receptors support the
neural plasticity required for a myriad of physiological functions
(28-30), particularly learning and memory (31). Hijacking of this
reward pathway by drugs of abuse contributes to addiction (31).
Studies of DIR have already identified Gs and G-olf as cognate G
proteins that transduce D1R signaling (28, 32). In addition, the role
of arrestin-3 in signaling from the dopamine receptors has been
demonstrated using knockout mice (33-37) and cultured cells (38).
This arrestin-3-mediated signaling contributes to the pathology of
addiction, as suggested by studies showing that the effects of

Significance

The functional importance of receptor phosphorylation in GPCR
regulation has been demonstrated. Over the past decade, the
phospho-barcode concept was developed to explain the mul-
tidimensional nature of the arrestin-dependent signaling net-
work downstream of GPCRs. Here, we used the dopamine-1
receptor (D1R) to explore the effect of receptor phosphoryla-
tion on G protein-dependent and arrestin-dependent ERK and
Src activation. Our studies suggest that D1R intracellular loop-3
phosphorylation affects both G proteins and arrestins. Differ-
ential D1R phosphorylation can direct signaling toward ERK or
Src activation. This implies that phosphorylation induces dif-
ferent conformations of receptor and/or bound arrestin to
initiate or select different cellular signaling pathways.

Author contributions: A.l.K., V.V.G., and T.M.l. designed research; A.l.K. and N.A.P. per-
formed research; A.LK. analyzed data; and A.L.K., N.A.P,, V.V.G., and T.M.l. wrote
the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

Present address: Northeastern Collaborative Access Team, Cornell University, Advanced
Photon Source, Lemont, IL 60439.

2Present addresses: Department of Psychiatry, Columbia University College of Physicians
and Surgeons, New York, NY 10032; and Division of Molecular Therapeutics, New York
State Psychiatric Institute, New York, NY 10032.

3To whom correspondence may be addressed. Email: vsevolod.gurevich@vanderbilt.edu
or tina.iverson@vanderbilt.edu.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1918736117/-/DCSupplemental.

First published June 5, 2020.

"We use systematic names of arrestin proteins, where the number after the hyphen
indicates the order of cloning: arrestin-1 (historic names S-antigen, 48-kDa protein, visual
or rod arrestin), arrestin-2 (B-arrestin or p-arrestin1), arrestin-3 (B-arrestin2 or hTHY-
ARRX), and arrestin-4 (cone or X-arrestin).
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amphetamine and apomorphine are reduced in arrestin-3 knockout
(KO) mice (39, 40).

Because one of the functions of dopamine receptors is to sup-
port the cell growth and proliferation required for neural plas-
ticity, the downstream effectors that are activated by dopamine
receptors include kinases involved in the regulation of these
phenomena. There is particularly strong evidence that the pro-
proliferation extracellular signal-regulated kinases 1/2 (ERK1/2)
(41-43) and Src kinase (44) are among the key effectors regulated
by dopamine signaling. Although these are well-studied effectors,
there is an intense debate in the field as to how activated dopa-
mine receptor selects between these pathways, and even debate as
to whether G proteins or arrestins are the primary intermediary
(30, 45-48). In general, the role of arrestins and G proteins must
be experimentally studied in each case, and the answers are likely
to be different (22, 27, 49)

Here, we used the D1R as a model receptor to explore global
questions about the mechanisms of GPCR signal bias using
ERK1/2 and Src kinase as model effectors. We first determined
which aspects of dopamine-dependent ERK1/2 and Src signaling
were mediated by arrestin versus G proteins. We further evalu-
ated the effect of differential D1R phosphorylation on coupling

to G protein, arrestin-3, and signal bias. Our results suggest
complex input/output relationship in GPCR signaling.

Results

D1R Activation of ERK1/2 and Src Requires Arrestin-3. Given the
existing controversy in the field as to whether G proteins or
arrestins mediate GPCR signaling to protein kinases, we first
tested to what extent D1R-mediated ERK1/2 and Src activation
requires G protein versus arrestin, focusing on Gas and arrestin-
3, which are characterized cognate signaling partners of D1R. To
this end, we used two HEK293A cell lines. One lacked endog-
enous Gas/Ga-olf, but retained all Gfys and arrestins. The other
lacked arrestin-2/3 but retained Gapy subunits (Fig. 14). In these
cells we assessed how arrestin-3 and Gas affect dopamine-
stimulated ERK1/2 and Src phosphorylation (Fig. 1 B-D). We
found that the addition of dopamine to HEK293 cells expressing
wild-type (WT) DIR activates both ERK1/2 and Src in the ab-
sence of Gas/Ga-olf (Fig. 1 B-D). In contrast, we did not observe
significant dopamine-induced ERK1/2 or Src phosphorylation in
HEK293 cells lacking the nonvisual arrestins (Fig. 1 B-D). This
suggests that endogenous Gas/Ga-olf (or other G protein
subunits present in the arrestin-2/3 KO cells) cannot activate
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Fig. 1. Effect of Gas and arrestin-3 on D1R-dependent ERK1/2 and Src activation. (A) Indicated proteins were transiently expressed in wild-type or KO HEK293

cells. The arrestin antibody recognizes both arrestin-2 and arrestin-3. GAPDH was used as a loading control. (B-F) Time course of ERK1/2 and Src activation as
monitored by immunoblotting of phosphorylated ERK1/2 (pERK1/2), phosphorylated Src (pSrc), total ERK1/2 (tERK1/2), and total Src (tSrc). Assays were ini-
tiated by adding 10 pM dopamine at 37 °C and performed in (B) Gas knockout cells, (C) arrestin-2/3 knockout cells, (D) arrestin-2/3 knockout cells with arrestin-
3 reintroduced, (E) Gai/o/t knockout cells expressing additional arrestin-3, or (F) Gas knockout cells expressing both PTX (50) (S/ Appendix, Fig. S1) and ad-
ditional arrestin-3. Gels are representative of at least three independent experiments. (G and H) Gels in B-F were quantified by densitometry and (G) ERK1/2
and (H) Src activation were expressed as the fold change relative to unstimulated cells. Orange trace, coexpression of D1R and arrestin-3 in Gas/Ga-olf
knockout cells; magenta trace, coexpression of D1R and arrestin-3 in Gai/Gao/Gat knockout cells; green trace, ERK1/2 or Src activation in arrestin-2/3 knockout
cells expressing D1R; blue trace, coexpression of D1R and arrestin-3 in arrestin-2/3 knockout cells. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test with correction for multiple comparisons between D1R""-mediated signal at each time point. In G and H, the significance
shown as “*” is the comparison between “orange” and “blue” traces (**P < 0.01; ***P < 0.001) and “#” is the comparison between “blue” and “green” traces
(*P < 0.05; #P < 0.01; *¥P < 0.001; **#P < 0.0001). In F, the significance was detected at every time point between “green” and “orange” (and “blue”). We
didn't detect significant differences between blue and magenta and also orange and brown traces in case of ERK and Src activation. Means + SD from at least
three independent experiments are shown.
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ERK1/2 or Src in the absence of arrestin-2/3. Or to put it another
way, these data indicate that arrestin, and not Gas/Ga-olf, is
necessary for D1R activation of both ERK1/2 and Src kinase.

G Proteins Enhance Arrestin-Dependent D1R Activation of ERK1/2. We
next tested whether there was G protein-dependent cross-talk in
the system. To do this, we coexpressed D1R and arrestin-3 in
arrestin-2/3 KO cells (Fig. 1 B-D) and compared the activation
of ERK1/2 and Src to the activation observed in the Gas/Ga-olf
KO cells (Fig. 1 B-D). This allowed us to assess the effect of
Gas/Ga-olf on signaling because each of these cell lines has an
equivalent amount of arrestin-3 (Fig. 14). We did not detect a
contribution of G protein to Src activation. Thus, arrestin-3 is
both necessary and sufficient for full Src activation by dopamine-
stimulated D1R. In contrast, we found that G protein-containing
cells exhibited increased ERK1/2 activation when compared to
Gas/Ga-olf KO cells. Even though D1R primarily interacts with
Gas, GPCRs often display coupling promiscuity, i.e., they can
interact with other G proteins. For instance, the f,AR can switch
from Gas to Gai after phosphorylation by PKA (51). To test this
possibility, we either coexpressed D1R and arrestin-3 in Gai/o/t
KO cells (Fig. 1 A and E) or we coexpressed D1R, arrestin-3, and
pertussis toxin (PTX) in Gas/Ga-olf KOs (Fig. 1F and SI Ap-
pendix, Fig. S1). In both cases, we detected similar time-
dependent ERK1/2 and Src phosphorylation as in arrestin-2/3
KO cells expressing D1R and arrestin-3 (Fig. 1 G and H). This
result indicates that the increased ERK1/2 phosphorylation in
cells expressing both G protein and arrestin-3 does not originate
from DI1R switching from Goas to Gai. Taken together, these
data suggest Gas likely cooperates with arrestin-3 in D1R-
mediated ERK1/2 activation.

Arrestin-3 Binds Specific Phosphomimetic-Containing Peptides Derived
from the C Terminus and ICL3 of D1R. We next sought to elucidate
the underlying mechanism, both in how arrestin activates the evo-
lutionarily unrelated ERK1/2 and Src kinases and in how G protein
enhances arrestin-dependent ERK1/2 activation. The simplest
conceivable model is that arrestin binds to a phosphorylated re-
ceptor and to an effector in a signaling complex. The “barcode”
hypothesis (52-56) implies that there are multiple conformations of
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active arrestin that are energetically similar, but that distinct re-
ceptor phosphorylation patterns increase the probability of arrestin
adopting a particular active conformation. This in turn allosterically
induces the formation of a binding site that prefers particular ef-
fectors. To test whether different phosphorylation patterns of re-
ceptor promote the binding of different effectors, we first identified
the locations on D1R that interact with arrestin using peptide array
analysis. We focused on two regions of DIR that contain a dis-
proportionate number of S/T residues and that are exposed to the
cellular interior: the C terminus and ICL3.

The role of the 15 S/T residues of the C-terminal region of
D1R has previously been investigated by truncation mutagenesis
(38), suggesting a model where this region is not the primary
arrestin binding site, but instead shields the primary binding site
in ICL3. Here, we focused on a patch of three S/T residues near
the distal C terminus to investigate whether arrestin-3 could bind
directly to this region. Two 15-mer peptides, D1R™7!E35 (g1
Appendix, Fig. S24) and D1IRY**P#0 (Eig. 24) corresponding
to the distal region of human D1R C terminus (Fig. 24) contain
either four (DIRF7"#¥%) or three (D1RY***P*%) S/T residues
that can be phosphorylated by GPCR kinases (GRKs). For
peptides corresponding to DIR™71E35 single phosphomimetic
substitutions of S372 or S373 did not affect arrestin-3 binding,
while those at S380 or S382 increased it (SI Appendix, Fig. S2B).
The effect of the S380 and S382 mutations was additive, how-
ever, the impact was not straightforward because the phospho-
mimetic substitution of S372 and S373 interfered with arrestin
binding in compound mutants, i.e., the quadruple mutant had
lower arrestin-3 binding than the S380/S382 double mutant and
similar arrestin-3 binding as the individual S380 and S382 single
mutants (SI Appendix, Fig. S2B). These data suggest that this site
may not be relevant for arrestin-dependent signaling. In contrast,
D1RY#26-D440 pentides with single substitutions of T428, $431, or
T439 with phosphomimetics demonstrate a modest, but statisti-
cally significant, increase in binding to arrestin-3 (Fig. 2B). These
effects were additive, with double mutants exhibiting greater
binding than single mutants, and a triple mutant demonstrating
the largest increase in arrestin-3 binding (Fig. 2B). T428, S431,
and T439 were previously shown to be phosphorylated after D1IR
activation and to be important for arrestin-mediated D1R
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Fig. 2. Peptide array analysis of the D1R C terminus. (A) A snake diagram (59) highlighting the residues that were tested for their role in arrestin-3 binding.
(B) Peptide array analysis of the D1R*?6-%4° peptide. As monitored by Far Western analysis (see Materials and Methods), the wild-type peptide exhibited little
detectable interaction with arrestin-3; alanine scanning did not significantly affect arrestin-3 binding. Phosphomimetic substitution at positions T228, S431,
and T439 enhanced binding; the effect of these mutations was additive. (C) A scan of 15-mer peptides derived from the C terminus. The residue in the Lower
graph indicate the N-terminal residue of each peptide (i.e., “N364" corresponds to the D1R>¢*~372 peptide, with the sequence NNNGAAMFSSHHEPRG). Means +
SD of at least three independent experiments are shown. Representative peptide array results are shown above graphs displaying averages. Statistical analysis
was performed using one-way ANOVA followed by Tukey's post hoc test. The statistical significance of the difference of the signal from the WT peptide spot is

shown, as follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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internalization (57, 58). Peptides with alanine substitutions at
these positions exhibited binding comparable to the native se-
quence (Fig. 2B), indicating that negative charges, rather than
H-bonding capability, are necessary.

Interestingly, a peptide array scan of the entire native sequence
of the DIR C terminus (D1R™** to DIR™) in one-amino acid
shifts identified a short region (D1IR™!? to DIR"?*) immediately
N-terminal to T428/S431/T439 that bound strongly to arrestin-3
without phosphomimetic substitutions (Fig. 2C). All of the
unphosphorylated peptides that exhibited a strong interaction with
arrestin-3 contain a “DYD” sequence motif and a net negative
charge. Conceivably, this region functions as a predocking site for
arrestin-3 that allows a stable interaction with an unphosphory-
lated receptor. This possibility is consistent with prior reports that
some receptors, for example the D2 dopamine receptor and the
M2 muscarinic receptor, interact robustly with arrestin even in the
absence of receptor phosphorylation (60). An alternative possi-
bility is that in the context of folded DIR in the membrane, this
region of the C terminus could be shielded and inaccessible for
interacting proteins.

We next used peptide array analysis to evaluate how phos-
phomimetic substitution of S/T residues of ICL3 affects arrestin
binding. Previously studies that focused on specific residues of
D1R ICL3 showed that phosphorylation of S258, S259, and T268
is important for receptor desensitization (38, 58). D1R-ICL3
contains only 29 amino acids. Seven of these residues are S/T,
so a comprehensive combinatorial approach would result in
5,039 potential phosphorylation patterns. Therefore, we simpli-
fied our analysis by dividing this region into two 15-mer peptides
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(Fig. 3), equivalent to D1IR**E22 and DIRF#?R2%¢_ For both
peptides, the native sequence exhibited little measurable binding
to arrestin-3. We then evaluated the impact of phosphomimetic
substitution on arrestin-3 binding.

The D1RA23E252 pentide contains three adjacent threonines,
T243, T244, and T245 (Fig. 34). Single or double phosphomi-
metic substitutions of T244 or T245 increased the binding of
arrestin-3 (Fig. 34), while phosphomimetic substitution of T243
did not affect binding (Fig. 34). In the DIR***E®2 peptide,
alanine scanning did not affect arrestin-3 binding.

The D1RF#“R66 peptide contains four putative phosphory-
lation sites: S$254, S258, S259, and S263. Single phosphomimetic
substitutions of S254 and S263 increased arrestin-3 binding,
while substitutions of S258 and S259 did not. A triple sub-
stitution of S254, S258, S259 resulted in the highest binding of
ICL3 to arrestin-3 (Fig. 3B). In the D1IR®*2R% peptide, ala-
nine scanning identified two lysines where neutralization in-
creased binding (Fig. 3B); both substitutions resulted in a net
negative charge of the resultant peptide.

Only Some S/T Residues of D1R Contribute to the Arrestin-3 Recruitment
to D1R in Cells. We next tested which of the identified residues
support the recruitment of arrestin-3 to D1R in HEK293 cells.
Because of the complexity of the system, we used biased random-
ization to design single, double, triple, and quadruple alanine and
phosphomimetic mutations (S Appendix and Fig. 3). Using an in-
cell bioluminescence resonance energy transfer (BRET) assay
(Fig. 44) (46), we evaluated which S/T residues decreased arrestin-3
binding to DIR when mutated to alanine. For a subset of the
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Peptide array analysis of the D1R ICL3. Peptide array analysis was used to identify residues in the D1R ICL3 that interact with arrestin-3. (A and B)

Snake diagrams showing the residues in tested ICL3-derived peptides (59). Representative Far Western analysis and quantitation of the D1R%38-252 peptide (C)
and D1R?272%¢ peptide (D) following alanine scanning and phosphomimetic substitutions. Means + SD of three to five independent experiments are shown.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. The statistical significance of the difference of the signal from the

WT peptide spot is *P < 0.05; **P < 0.01; ***P < 0.001.
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mutations that reduced binding upon alanine substitution, we tested
whether mutation to a phosphomimetic increased arrestin-3 binding
to D1R.

Dopamine stimulation of arrestin-2/3 KO HEK293 cells coex-
pressing Venus-arrestin-3 with Luciferase-tagged wild-type D1R
(RLuc8-DIRWT) resulted in a robust, agonist-dependent BRET
signal (Fig. 4B) that saturates with increasing Venus-arrestin-3
expression (61-63). Conversely, we did not observe a detectable
BRET signal following dopamine stimulation of arrestin-2/3 KO
HEK293 cells coexpressing RLuc8-D1RV" and the established
negative control arrestin-3X~C (64), a mutant arrestin-3 that does
not bind GPCRs (Fig. 4C).

Simultaneous substitution of the three C-terminal S/T residues
of DIR with alanine (D1RT*2A/SHBIATAINY modestly decreased
arrestin-3 recruitment, while phosphomimetic substitution at the
same positions (D1RT4SESIEMEY modestly increased it
(Fig. 4 D and E). This suggests that phosphorylation of these
C-terminal residues contributes to the recruitment of arrestin-3
to activated D1R. Conversely, all mutants within ICL3 showed a
BRET signal statistically indistinguishable from that observed for
the DIR™"-RLuc8 (Fig. 4 F-H and SI Appendix, Fig. S4). Although,
the peptide array analysis indicated that phosphomimetic-containing

peptides corresponding to ICL3 bind arrestin-3 in vitro, of the pu-
tative phosphorylation sites tested here, only those at the C terminus
appear to contribute significantly to arrestin-3 recruitment to D1R
in cells. It is clear that arrestin-3 is still recruited when this
C-terminal region is altered, suggesting that other regions of DIR
contribute to arrestin-3 binding. The negatively charged residues
within the DIR™™? region, identified by the peptide array
analysis (Fig. 2C), are likely contributors to the arrestin-3-D1R in-
teraction. One interpretation of the peptide array and BRET results
is that the sites in ICL3 are important for directing the function of
arrestin following receptor binding.

A previous study by the Sibley group suggest a model where
the ICL3 is the true arrestin binding site in D1R (38). In this
model, the unphosphorylated C terminus of D1R shields ICL3
and phosphorylation of the C terminus elicits a conformational
change that displaces the C terminus and exposes ICL3 (38, 58).
In this context, our results suggest that initial recruitment of
arrestin to receptors involves a different binding mode than is
observed in the final arrestin-receptor signaling complex, an idea
originally discussed by Shukla et al. (65, 66). Thus, it is possible
that the sites that we tested in the D1R ICL3 do not appear to be
significant for the initial recruitment of arrestin-3 to receptor

A B D1R-rLuc + Arrestin3-Venus
1 0.8 = Dopamine (+)
= Dopamine ()
2 061 I g ul
] it S e
E s ST
w -
0@
& .
IJ.Z" S
= Venus T et 1A
Arrestin-3 RLucg RLucg S A A
© Venus 7 t(min)
—— & s C . ;1F|-rLuc+Arrestin3 (KNC)-Venus
- * Dopamine (+)
e s 530 nm = Dopamine (-}
z z o 0.6
= = 5 0.4
= 530 nm = o«
= = o
5 5
Wavelength (nm) Wavelength (nm) o 10 20 30 40
t (min)
E Kkk F
0.47™ DIR-WT 0 % 0.47 = DIR-WT
: D1R-T428A/S431A/T439A ’ M DIR-WT DiR=T214A
0.3] " D1R-T428E/5431E/T439) [ DIR-T428A/S431AT430A 0.3 D1R-WT+Arr(KNC)
7]+ 1R-wTsar(n 502 [ D1R-T428E/S431EMTA39E [
W *, [ c 0.2
g 0.2 E cg
2 2 0.1
Z 041 z ¢
Soa *kk
0.0 A —
P e p— 00 001 04 i o 100
J 001 01 i ‘fo 100 e & FIL ratlo
0.1 F/L ratio F/L ratio
G i H 0.47~ DIR-WT
DIR-5263A
0.3{+ D1R-S263E
= D1R-WT+Arr(KNC)
w I
c0.2
o
Zoa
- 0.01% =
0.01 01 1 10 100 0.01 0.1 i i0 100
0.1 F/L ratio -0.1 F/L ratio

Fig. 4.

In-cell binding of arrestin-3 to WT and mutant D1R. (A) Schematic of the BRET assay used to measure binding between WT and mutant D1R-Rluc8 to

Venus-arrestin-3 in arrestin-2/3 KO HEK293 cells. The maximum emission of Rluc8 is at 480 nm. (1) When the two proteins (D1R and arrestin-3) are in close
proximity (<10 nm), the energy is transferred to Venus, which emits light at 530 nm. (2) Figure made using BioRender (BioRender.com). (B) Raw BRET signal
between WT-D1R and WT-arrestin-3 (1:5 donor-acceptor ratio) in the presence (blue trace) or absence (red trace) of 10 pM dopamine. (C) Raw BRET signaling
between WT-D1R and the Arr3“NC negative control. (D) BRET signal of wild-type and D1R C-terminal mutant receptor stimulated by 10 uM dopamine in the
presence of increasing amounts of Venus-arrestin-3 (0 to 1 pg) and monitored for 10 min. The net BRET ratio was calculated as the acceptor emission divided
by the donor emission and expressed as the change from unstimulated cells. (E) The statistical significance of the signal detected between the WT-D1R and
the D1R-T428E-S431E-T439E (*P < 0.05) and between the D1R-T428A-5431A-T439A and the D1R-T428E-S431E-T439E (***P < 0.001) in 1:1 fluorescence/lu-
minescence (F/L) ratio. (F~-H) BRET signal of wild-type and D1R ICL3 mutant receptors. S/ Appendix, Fig. S4 shows BRET data collected from all receptor
mutants. Means + SD of three to five independent experiments are shown. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post
hoc test.
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because the mutagenesis did not promote the conformational
change suggested by the Sibley group (38). Alternatively, ICL3
may be important for directing the function of arrestin-3 even
though it is not involved in the initial recruitment of arrestins.

Differential Effect of the D1R Phosphorylation Pattern on ERK1/2 and
Src Activation. We selected ERK1/2 and Src as model effectors to
understand how the phosphorylation pattern of DIR directs
function. We evaluated the time course of ERK1/2 and Src ac-
tivation in arrestin-2/3 KO HEK293 cells coexpressing C-terminally
HA-tagged arrestin-3 (arrestin-3"'*) and either wild-type DIR
(D1RYT) or DIR variants containing alanine or phosphomimetic
substitutions of critical S/T residues (Flgr

As compared to DIRW', the DIR mutant
elicited lower ERK1/2 activation up to 10 min, and a marked
slowing of Src activation. Phosphomimetic substitutions at the
same locations (D1RT*ZE/SHBIET9EY increased ERK1/2 acti-
vation at all time points but did not affect Src activation (Fig. 5 A4
and B). The reduced activation of both ERK1/2 and Src by the
triple alanine mutant DIRTZASIATIIA o consistent with
these residues contributing to receptor recruitment of arrestin-3
(Fig. 4F). The difference in ERK1/2 activation as compared to
Src suggests an additional role of these residues in directing
the signal.

The mutations of the D1R ICL3 yielded three distinct sig-
naling outcomes. The first is exemplified by any form of D1R
containing mutations of S258 and $259. D1RS?3A52594 jndyced
significantly lower ERK1/2 phosphorylation than WT at 5 and
10 min, but did not affect Src activation (Fig. 5 C and D and S/
Appendix, gs. S5 and S6). The phosphomimetic mutations in
D1RS#8ES2%E gionificantly enhanced ERK1/2 activation at all
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time points (Fig. 5C, magenta) without affecting Src activation.
The data suggest that phosphorylation of S258 and S259 in DIR
directs the signaling via arrestin-3 toward ERK1/2 activation.

The second outcome was observed with mutations of S263,
T244/S263, and T245/S263 and appeared similar to what we
found for the C-terminal mutants. The DIRS*%*4, D]RT#A/S2034,
and DIRT?®AS263A mytants elicited slowed activation kinetics of
both ERK1/2 and Src than DIRYT (Fig. 5 E and F and SI Appendix,
Figs. S5 and S6). Specifically, ERK1/2 activation was lowered at the
10-min time point (Fig. 5E) and Src (Fig. 5F) activation was sig-
nificantly less than with DIRYT at early time points, with later
activation comparable to that induced by DIRWT. The introduction
of phosphomimetics at these 1positions enhanced ERK1/2 activation
above the levels of DIRW! (Fig. 5E, magenta). These results
identify S263 as important for the kinetics of activation of both
pathways. They also identify phosphorylation of S263 as important
for directing the signal toward the activation of ERK1/2.

The third outcome was observed with the DIRT?##4, D1R245A,
and DIR**~254 which induced ERK1/2 and Src phosphory-
lation at levels similar to the DIRYT (Fig. 5 G and H and SI
Appendix, Figs. S5 and S6). Thus, while the peptides containing
phosphomimetics at T244 and T245 affect arrestin-3 binding
in vitro (Fig. 3), these residues do not appear to be involved in
the initiation of either ERK1/2 or Src signaling. As these also do
not affect binding of arrestin-3 to the receptor in cells (Fig. 4F),
it is possible that they are not accessible to arrestins in the
context of the folded receptor. Alternatively, the phosphoryla-
tion of these residues could direct signaling toward a pathway(s)
that we did not investigate here.

We also tested the effect of a possible G protein switch (from
Gas to Gai) during D1R activation on ERK and SRC activation.
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Fig. 5. The effect of the D1R-ICL3 phosphorylation pattern on ERK1/2 and Src phosphorylation. Arrestin-2/3 KO HEK293 cells were cotransfected with
plasmids encoding arrestin-3HA and wild-type or mutant D1R. The assay was initiated by adding 10 pM dopamine at 37 °C. Cell lysates were separated on a 4
to 12% gradient sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride (PVDF) membranes and immunoblotted
for phosphorylated ERK1/2 (pERK), phosphorylated Src (pSrc), total ERK1/2 (tERK), and total Src (tSRC). Signals were quantified by densitometry and expressed
as the fold change relative to unstimulated cells. (A, C, E, and G) Time course of ERK1/2 phosphorylation upon dopamine stimulation. (B, D, F, and H) Time
course of Src activation upon dopamine stimulation. Means + SD of at least three independent experiments are shown. D1R, arrestin-3, and GAPDH ex-
pression levels are shown in S/ Appendix, Fig. S7. GAPDH expression was used as a loading control. Statistical analysis was performed with one-way ANOVA
followed by Tukey's post hoc test with correction for multiple comparisons between wild-type and mutant D1R-mediated signal at each time point. Sig-
nificance is shown, as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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We evaluated ERK1/2 and Src activation in Gai/o/t KO HEK293
cells coexpressing arrestin-3HA and either DIRYT or DIR
mutants (S Appendix, Fig. S8). Our data showed similar ERK
and Src phosphorylation patterns with arrestin-2/3 KO cells
which coexpressed D1R and arrestin-3. This result suggests that
Gai proteins do not play a significant role in ERK1/2 and Src
activation.

Mechanism of Gs Enhancement of the Arrestin-Dependent Activation
of ERK1/2. With a better understanding of how phosphorylation
pattern directs arrestin-dependent signaling toward ERK1/2 or
Src, we next wanted to understand how Gs cooperates with
arrestin in activation of ERK1/2, but not Src (Fig. 1). There are
multiple mechanisms by which this could occur. First, the
D1R-arrestin-3-ERK1/2 signaling complex could directly in-
corporate Gs into a supercomplex, as was described for a chi-
meric B2-adrenergic receptor containing the V2 vasopressin
receptor C terminus (67, 68). Second, Gs could compete with
arrestin-3 for binding to active D1R, resulting in a mixed pop-
ulation of D1R-Gs and D1R-arrestin-3 complexes with cross-talk
enhancing ERK1/2 activation. Third, dopamine-independent Gs
activation could enhance arrestin-dependent ERK1/2 activation
via cross-talk that does not require continued Gs activation.

To determine whether a D1R-arrestin-3-Gs-ERK1/2 complex
forms in cells, we performed a BRET assay using Venus-tagged
arrestin-3 and eYFP-tagged Gs. We did not observe statistically
significant BRET signal (SI Appendix, Fig. S9) under our ex-
perimental conditions. This suggests that no supercomplex is
formed, but does not exclude the possibility of a D1R-arrestin3-
Gs complex that is not detectable by this method.

To determine whether a population of D1R-arrestin-3 and

DIR-Gs was present in cells, we monitored in-cell Gs
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recruitment to DIRWT and D1R phosphomimetic variants in the

absence and presence of arrestin-3. In arrestin-2/3 KO cells, we
found that phosphomimetics on D1R did not directly impact Gs
recruitment (S Appendix, Fig. S10), suggesting that receptor
phosphorylation in and of itself does not terminate G protein
coupling. However, in cells containing arrestin, Gs coupling is
significantly reduced when D1R contains phosphomimetics in
the ICL3 (D1RS*8ES2%E and D1IRS*E), but not at the C ter-
minus (DIR™2SBVTE9Y (51 Appendix, Fig. S11). This is con-
sistent with a competition between arrestin-3 and Gs and a
coexistence of D1R-arrestin-3 and D1R-Gs complexes.

To evaluate D1R-independent cross-talk at another point in
signaling, we tested the impact of Gs on effector activation by
phosphorylation-deficient and phosphomimetic-containing D1R
mutants. If the influence of Gs on arrestin-3-dependent ERK1/2
activation is indirect, we expected that Gs would enhance ERK1/2
activation by these variants. We therefore selected four 2Sgaurs of
DIR mutants (DIR™HA/D]RTZE, DIRSZSAS29A | RS2SES2E
DIRSZADIRSGE gnd D1RT428A/S431A[[‘4%9A/D1RT428E/S431E/1“439E
representing different signaling outcomes and measured ERK1/2
and Src activation in Gs KO HEK293 cells (Fig. 6). All four
alanine mutants (i.e., DIRT***4, DIRS#8AS294 DIRSMBA and
D]RT428ASSBIAT 439A) showed a similar time course of both ERK1/
2 and Src phosphorylation in (Fig. 6) as they did in the presence
of Gs g ig. 5). In contrast, the phosphomimetic mutants (i.e.,
DIRTHE, D1R3258E/5259E Dlezesﬁ and DIRT#SESSIETIE)
showed an attenuated ERK1/2 activation in the absence of Gs
(Fig. 6 A and C-E), as compared to cells ¢ /Tpressing Gs (Fig. 54
and C-F). Interestingly, the DIRT*ZESBIETIE pyyiant yielded a
slight increase in Src activation in the absence of Gs (Figs. 6B and
4H), while Src activation by the other phosphomimetic variants was
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Fig. 6. The effect of Gas on arrestin-dependent ERK1/2 and Src activation by D1R mutants. Gas/Ga-olf KO HEK293 cells were cotransfected with plasmids
encoding arrestin-3HA and indicated variant of D1R. The assay was initiated by 10 pM dopamine at 37 °C. Phosphorylated ERK1/2 (pERK), phosphorylated Src
(pSrc), total ERK1/2 (tERK), and Src (tSrc) were visualized by Western blotting. Signals were quantified by densitometry and expressed as the fold change
relative to unstimulated cells. (A, C, E, and G) Time course of ERK1/2 phosphorylation upon dopamine stimulation. (B, D, F, and H) Time course of Src activation
upon dopamine stimulation. Means + SD of at least three independent experiments are shown. D1R, arrestin-3 and GAPDH expression levels are shown in S/
Appendix, Fig. S7. GAPDH expression was used as a loading control. Statistical analysis was performed with one-way ANOVA followed by Tukey’s post hoc test
with correction for multiple comparisons between wild-type and mutant D1R-mediated signal at each time point. Significance is shown, as follows: *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001.
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unaffected by the presence of Gs (compare Fig. 6 B, D, F, and H
with Fig. 5 B, D, F, and H).

We then monitored the contribution of Gs to ERK1/2 and Src
activation in arrestin-2/3 KO cells containing the same D1R
mutants (Fig. 7). Surprisingly, we detected arrestin-independent
ERK1/2 phosphorylation induced by D1R containinﬁ; phospho-
mimetics in the C terminus (i.e., DIRT#*2ESBIETIE) qlheit at
a level lower than the arrestin-dependent signaling (Figs. 1, 5,
and 6).

Discussion

Cells use a number of mechanisms to encode information. Signal
transduction is among the most complex biological coding
problems and one where the code has not yet been cracked.
Receptors interact with multiple types of ligands, with many
factors fine tuning the downstream signaling. Here, we evaluated
elements of the signaling code that could explain how dopamine
stimulation of D1R directs signaling toward ERK1/2 versus Src
activation.

The relative roles of G protein and arrestin in ERK1/2 acti-
vation are hotly debated (22, 45-47). Our data clearly indicate
that arrestin-3 is sufficient for both ERK1/2 and Src activation
downstream of DIR (Fig. 1). This is in stark contrast with what
has been recently reported for several other GPCRs, where
ERK1/2 activation was found to depend on G proteins (30,
45-48). Our data further indicate that part of the biasing
mechanism results from the receptor phosphorylation pattern,
i.e., the phospho-barcode, affecting both arrestin-3 and Gas
coupling (SI Appendix, Fig. S11).

A model for how this would occur is based upon the hypoth-
esis that receptor-arrestin and receptor-G protein complexes
coexist in a population; here, different phosphorylation patterns
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might result in different affinities for arrestin, with high-affinity
patterns allowing arrestin to compete effectively against G pro-
tein and lower-affinity patterns resulting in coexistence of
receptor-G protein and receptor-arrestin complexes in the cell.
Conceptually, a framework for this model is extrapolated from
findings on the well-studied rhodopsin and arrestin-1. In rho-
dopsin, lack of phosphorylation results in abnormally prolonged
G protein-dependent signaling because arrestin does not com-
pete with G protein for receptor binding (69). Moreover, bio-
chemical data show that the receptor-arrestin interaction is
enhanced more than 10-fold when the receptor is both phos-
phorylated and activated, as compared to receptor that is only
activated or only phosphorylated. Thus, only simultaneous acti-
vation and phosphorylation of the receptor allows arrestin to
outcompete G protein (70).

Crystal structures of the receptor-arrestin complexes indeed
reveal that arrestin binds to both the phosphorylated elements in
the C terminus and the pocket unique to active receptor (the
main G protein binding site) (71-74). While phosphorylation
commonly reduces G protein coupling (75-77), in some cases it
changes the G protein subtype that couples to the receptor (51,
78). Phosphorylation per se does not preclude G protein acti-
vation, and our data show that phosphomimetics in the D1R do
not significantly impact Gas coupling (SI Appendix, Figs. S10
and S11).

In contrast, arrestin binding to active phosphorylated GPCRs
prevents G protein coupling via a direct competition (reviewed
in ref. 1). Indeed, our data show that different phosphomimetic
patterns on D1R affect Gas coupling only in the presence of
arrestin-3, which suggests coexistence of DIR-Gs and D1R-ar-
restin-3 complexes in the cell. Intriguingly, the effect of the
phosphorylation barcode on arrestin-3 coupling means that the
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Fig. 7. Gas-dependent ERK1/2 and Src activation by D1R mutants. Arrestin-2/3 KO HEK293 cells were cotransfected with plasmids encoding wild-type or
mutant D1R. The assay was initiated by 10 uM dopamine at 37 °C. Cell lysates were separated on a 4 to 12% gradient sodium dodecyl sulfate polyacrylamide
gel electrophoresis, transferred to polyvinylidene fluoride membranes, and immunoblotted for phosphorylated ERK1/2 (pERK), phosphorylated Src (pSrc),
total ERK1/2 (tERK), and total Src (tSRC). Signals were quantified by densitometry and expressed as the fold change relative to unstimulated cells. (4, C, E, and
G) Time course of ERK1/2 phosphorylation upon addition of 10 uM dopamine. (B, D, F, and H) Time course of Src activation upon dopamine stimulation. Means +
SD of at least three independent experiments are shown. D1R and GAPDH expression levels are shown in S/ Appendix, Fig. S7. GAPDH expression was used as a
loading control. Statistical analysis was performed with one-way ANOVA followed by Tukey’s post hoc test with correction for multiple comparisons between
wild-type and mutant D1R-mediated signal at each time point. Significance is shown, as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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barcode also affects the likelihood of Gas coupling, albeit in-
directly. This model is consistent with our finding that ERK1/2
activation was enhanced by the presence of Gas while Src acti-
vation is not affected by G protein. A synergistic effect of G
proteins and arrestins is contrary to the classical paradigm of G
protein signaling, but has been reported for growth hormone
secretagogue receptor, neurokinin-1 receptor (79-82), and 5-HT -
mediated activation of ERK1/2 (83). We propose that the
synergistic effect is via coexisting populations of receptors, some
coupled to arrestin, and some coupled to G protein.

In addition to identifying how different phosphorylation po-
sitions of D1R influence whether signaling proceeds through
arrestin-3, Gs, or both, these studies show how the barcode di-
rects arrestin-dependent signaling to different effectors. Prior
studies have shown that arrestins require at least three receptor-
attached phosphates for high-affinity binding (71, 84-86),
whereas most GPCRs have many more potential phosphoryla-
tion sites. In some cases, the phosphorylation of the primary sites
in receptor permits the phosphorylation of additional residues
(87). This type of hierarchical phosphorylation has been de-
scribed for several GPCRs, including D1R (38), A3 adenosine
receptor (88), and the &-opioid receptor (89). Moreover, the
phosphorylation sites necessary for arrestin binding can be lo-
calized in the receptor C terminus [e.g., thodopsin (86), NTSR1
(72)], ICL3 [e.g., M1 (90) and M2 muscarinic receptor (60, 91),
5-HTR1B (72)], or even ICL2 [e.g., p-opioid receptor (92)]. In
fact, this complex and variable phosphorylation-dependent reg-
ulation led to the barcode hypothesis, the idea that different
phosphorylation patterns on receptors can direct arrestin-
dependent signaling (52-56). In the context of recent structural
data, one mechanism consistent with the barcode hypothesis is
that different receptor phosphorylation patterns induce distinct
conformations of bound arrestin, which in turn promote binding
of different effectors (66).

We evaluated how the phosphorylation pattern in the D1R
relates to directing signaling toward ERK1/2 or Src. We found
that arrestin binding to peptides representing the C terminus
faithfully recapitulates existing data (compare Fig. 2B with figure
10 in ref. 38 and figure 5 in ref. 58). Although the C terminus
contributes to arrestin recruitment to D1R, arrestin-3 can bind
class A GPCRs lacking C-terminal phosphorylation sites (63).
We also observed some binding in a triple alanine D1R mutant,
D1RT428A/S431A/T439A (Fig. 4).

We found that phosphorylation of ICL3 regulates signaling
(Fig. 3). Prior work by Kim et al. showed that ICL3 is the main
regulatory region for D1R-arrestin interaction and receptor de-
sensitization (38). Our results add dimension, showing that D1R-
ICL3 is not only important for arrestin interaction but regulates
the direction of signaling. Specifically, we found that the phos-
phorylation of S258 and S259 of ICL3 promotes signaling toward
ERK1/2, but not to Src (Figs. 5 C and D and 6 B and F).

In conclusion, our results (summarized in Fig. 8) support the
main premise of the barcode hypothesis: receptor phosphoryla-
tion pattern dictates the direction of arrestin-mediated signaling.
Importantly, these results extend the barcode hypothesis and
show that the phospho-barcode also impacts G protein coupling.
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In this study, we focused on the D1R-ICL3 region and did not
screen all of the possible phosphorylation combinations in the
DI1R-ICL3, D1R-C terminus, or all branches of arrestin-mediated
signaling. Therefore, we cannot rule out that D1R-mediated sig-
naling is influenced by the C terminus, either alone or in combi-
nation with D1R-ICL3. Nevertheless, it is tempting to hypothesize
that other residue combinations bias arrestin-mediated signaling
in this system toward different effectors (7, 8). This is consistent
with reported different shapes of the arrestin-receptor complex
(72-74). We also identified different effects of G protein on this
process, with Gs enhancing ERK1/2 but not Src activation.
These findings help to better identify the origins of the signaling
code by GPCRs.

Materials and Methods

Detailed procedures for the protein expression and purification, and all
biochemical studies are described in S/ Appendix, Materials and Methods. All
data discussed in this study are included in the manuscript or S/ Appendix.
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