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G12/13 is activated by acute tethered agonist
exposure in the adhesion GPCR ADGRL3
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The adhesion G-protein-coupled receptor (GPCR) latrophilin 3 (ADGRL3) has been associated with increased risk of attention
deficit hyperactivity disorder (ADHD) and substance use in human genetic studies. Knockdown in multiple species leads to
hyperlocomotion and altered dopamine signaling. Thus, ADGRL3 is a potential target for treatment of neuropsychiatric dis-
orders that involve dopamine dysfunction, but its basic signaling properties are poorly understood. Identification of adhesion
GPCR signaling partners has been limited by a lack of tools to acutely activate these receptors in living cells. Here, we design
a novel acute activation strategy to characterize ADGRL3 signaling by engineering a receptor construct in which we could trig-
ger acute activation enzymatically. Using this assay, we found that ADGRL3 signals through G12/G13 and Gq, with G12/13 the
most robustly activated. Ga,,,; is a new player in ADGRL3 biology, opening up unexplored roles for ADGRL3 in the brain. Our
methodological advancements should be broadly useful in adhesion GPCR research.

regulators of diverse functions in the nervous, immune, car-
diac and musculoskeletal systems, and their dysregulation
has been linked to a variety of diseases and cancers"’. The aGPCR
latrophilin 3 (ADGRL3, human homolog) was recently associ-
ated with an increased risk of attention deficit hyperactivity disor-
der (ADHD) and substance use in human genetic studies™’. Gene
knockdown of ADGRL3 homologs in flies’, fish®/, rat® and mouse’
has been associated with a pan-species hyperlocomotor phenotype,
as well as dysregulation of dopamine signaling. Thus, ADGRL3 may
offer a novel target for modulating dopamine signaling, with impor-
tant therapeutic implications for the treatment of ADHD and other
neuropsychiatric disorders that involve dopamine dysfunction,
such as schizophrenia. However, the identity of the G protein part-
ners and downstream effector pathways controlled by ADGRL3 are
poorly understood. Therefore, mapping these basic signaling prop-
erties remains a crucial first step in understanding how this receptor
modulates dopaminergic neurotransmission.
aGPCRs form the second largest, yet most enigmatic class of the
human GPCR superfamily. These atypical and complex GPCRs take
part in cell-cell interactions through their enormous extracellular
N-terminal domain and intracellular signaling via their canonical
heptahelical transmembrane domain (Fig. 1a). During biosynthesis,
the aGPCR is cleaved at the conserved GPCR autoproteolysis site
(GPS), but the resulting N-terminal fragment (NTF) and C-terminal
fragment (CTF) remain attached to each other and incorporate into
the plasma membrane as a non-covalently bound unit'®". Early
studies in other aGPCRs showed that truncating the receptor by
removal of the NTF up to the GPS cleavage site enhanced signal-
ing"?, suggesting that the NTF acts to suppress the intrinsic activ-
ity of the CTF". The peptide segment immediately following the

Q dhesion G-protein-coupled receptors (aGPCRs) are crucial

GPS is critical for enhanced signaling, suggesting that this peptide
stretch (also known as the tethered agonist (TA), Stachel or stalk
peptide) acts as an internal agonist in a manner analogous to that of
protease-activated GPCRs (PARs)'*".

Adhesion GPCR signaling has been difficult to study because
there has been no controlled method to acutely expose the TA in
a live-cell system. Signaling studies have been largely restricted to
comparing the constitutive activity of full-length (FL) receptors and
truncated CTF constructs at the second messenger level, and upon
the addition of synthetic TA peptides'*". Signaling reports for the
ADGRLI1-3 family have arrived at different conclusions regard-
ing second messenger engagement'**’, and the full set of potential
G protein-coupling pathways remain to be directly elucidated. To
overcome these limitations, we designed a novel acute activation
strategy to characterize ADGRL3 signaling in living cells by engi-
neering a receptor construct where we replaced the GPS cleavage
motif with a thrombin-recognition sequence that can be activated
by treatment with thrombin to trigger acute TA exposure. We used
this approach to study Adgrl3 (mouse homolog, ~90% identity with
human, UniProt) signaling at the level of G protein activation in
living cells.

We first systematically screened Adgrl3 FL and truncated CTF
constructs for the full set of potential G protein interaction partners
using gene reporter readouts in CRISPR knockout cell lines lacking
the relevant Go subunits. We optimized the assays to be dependent
on the reintroduction of each Ga subunit individually so we could
definitively identify the activated G proteins. Armed with the iden-
tified coupling partners we applied our new acute activation strat-
egy in a panel of energy transfer assays to characterize acute Adgrl3
signaling at the plasma membrane. We found that TA-exposed
Adgrl3 signals through G12/13 and Ggq, with G12/13 being by far
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Fig. 1| Exposure of the AdgrI3 TA promotes intracellular signaling.

a, Schematic outlining the tertiary architecture of full-length (FL)

and TA-exposed (CTF) Adgrl3 constructs. Adgrl3 FL is composed

of a transmembrane GPCR fold (CTF) and a large N terminus (NTF)
comprising four protein domains. Proteolysis occurs at the GPS cleavage
site, which is buried in the GAIN domain. The peptide stretch (TA)
immediately following the GPS is involved in regulating signaling. RBL,
rhamnose-binding lectin; OLF, olfactomedin; HRM, hormone receptor
motif; GPS, GPCR proteolytic site; GAIN, GPCR autoproteolysis-inducing
domain; GPCR, 7 transmembrane helix domain. b, Schematic outlining the
sequences of Adgrl3 constructs used in € and d. Proteolysis is marked in
FL by a break-in sequence between HL and T. ¢, FL AdgrI3 constitutively
enhances CRE and this signaling is increased when the entire NTF up to the
GPS cleavage site (CTF) is removed. Further truncating five amino acids
from the GPS site (A5-CTF) abolishes signaling. d, Truncating the first
three amino acids following the GPS abolishes CTF signaling (A3-CTF).
Mutating the conserved phenylalanine in the TA (F943A-CTF) almost
eliminates CTF activity, and two TA point mutations (F925A/M929A-CTF)
abolish CTF signaling. The cyan dashed line is reprinted from ¢ to enable a
direct comparison. All data points are normalized to empty vector control.
In all panels, data are presented as mean +s.e.m. from three independent
experimental replicates. Unpaired two-tailed t-tests were performed to
compare the conditions indicated by horizontal brackets using the 600-ng
data points (a, *P=0.0325, ***P=0.0002, ****P<0.0001) (b, F925A-CTF
versus A3-CTF: NS (not significant), P=0.0660; F925A/M929A-CTF
versus A3-CTF: NS, P=0.6227; F925A/M929A-CTF versus F925A-CTF:
NS, P=0.0522).

the most robustly activated. The Ga,,,; interaction partner is a new
player in Adgrl3 biology, opening up a whole panel of unexplored
roles for Adgrl3 in the nervous system. In addition, we anticipate
that these methodological advancements will be broadly useful in
aGPCR research as well as for orphan GPCRs in general.

Results
The Adgrl3 tethered agonist enhances signaling activity. To deter-
mine the signaling pathways engaged by Adgrl3, we first sought to

establish whether the TA functions to activate downstream intracel-
lular signaling, as has been reported for several other aGPCRs*. We
truncated Adgrl3 FL receptor at the GPS cleavage site (HL/T, where
/ indicates the point of autoproteolytic cleavage) to expose the TA
(construct called CTF) and, in a parallel construct, also removed
the first five amino acids subsequent to the GPS (construct called
A5-CTF) (Fig. 1a,b). We used a cyclic AMP (cAMP) response ele-
ment (CRE) luciferase reporter-gene assay that has been successfully
used for orphan class A and other aGPCRs to characterize signaling
activity™. In this assay, constitutive signaling can be measured as a
change in luciferase expression under control of the CRE promoter,
which is activated by CREB (CRE-binding protein) downstream
of protein kinase A. We verified that the assay worked as expected
for the constitutive activity of two well-characterized Gs and Gi/o
coupled receptors (Supplementary Fig. 1). Notably, although this
reporter provides a readout of canonical Gs and Gi/o signaling, CRE
activity is distal to G protein activation and can also reflect more
complex signaling crosstalk, as we discuss in the following.

We co-transfected HEK293T cells with a CRE luciferase plas-
mid and increasing concentrations of the three Adgrl3 recep-
tor constructs (FL, CTF and A5-CTF) and measured the level of
expressed luciferase using luminescence as a readout (Fig. 1c and
Supplementary Fig. 2). We observed elevated activity with increas-
ing concentrations of the FL receptor, suggesting some level of
constitutive activity. Signaling was greatly enhanced (~12 fold) by
removal of the Adgrl3 NTF (CTE), but this signal was suppressed by
removal of the first five residues of the TA (A5-CTF). The FL, CTF
and A5-CTF constructs are expressed at the cell surface at compa-
rable levels (Supplementary Fig. 3). These results support a role for
Adgrl3 in intracellular signaling, and establish that exposure of the
TA greatly enhances signaling.

To explore the influence of the TA residues on the enhanced sig-
naling activity, we performed the CRE gene expression assay for a
construct in which the three amino acids subsequent to the GPS site
were removed (A3-CTF) and for two constructs with alanine sub-
stitutions for the phenylalanine and methionine residues (at the P3’
and P7’ positions in the TA, where PN’ is used to denote the amino
acid position downstream of the point of proteolysis®) that are
highly conserved across the aGPCR family (constructs F925A-CTF
and F925A/M929A-CTF) (Fig. 1b). CTF CRE activity was abolished
for the A3-CTF construct. Furthermore, mutating the highly con-
served phenylalanine alone nearly eliminated CTF activity, and the
combination of mutating the two conserved amino acids completely
abolished CTF signaling, indicating that these key amino acids in
the TA are crucial for enhancing signaling (Fig. 1d).

We next tested other luminescence-based gene expres-
sion assays (serum response element (SRE), nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB) and nuclear
factor of activated T-cells (NFAT)) that have previously been used
for orphan GPCRs to infer about activity in other G protein sig-
naling pathways (Gq and G12/G13). As for CRE gene expression
(Fig. 1), we found that the CTF greatly enhanced signaling over
FL and A5-CTF in all these assays, indicating that activated
Adgrl3 potentially couples to multiple G protein signaling path-
ways (Extended Data Fig. 1). Using the SRE luciferase reporter, we
found that systematically truncating each TA residue abolished
signaling after removing three amino acids subsequent to the GPS
(Extended Data Fig. 2), consistent with our observations in the CRE
assay (Fig. 1d).

Activated Adgrl3 couples to several Go subtypes. To delineate
which of the four main G protein signaling pathways is engaged
by Adgrl3, we used a HEK293 knockout (KO) CRISPR cell line
simultaneously lacking Go/Go, Ga,, Go/Gay, and Goy,/Ga,
(HEKA7)*. The only G proteins expressed by this cell line are
those in the Ga,,, family. ADGRL3 has been observed to decrease
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cAMP, and a quantification of GTPyS exchange in detergent-treated
membrane homogenates suggested that the truncated receptor
can activate Gi*'. Although a recent study found that an ADGRL3
brain isoform did not modulate cAMP activity, pancreatic ADGRL3
isoforms decreased cAMP*. We failed to observe a decrease
in CRE signals for FL, CTF or A5-CTF in the HEKA?7 cells that con-
tain Ga,,, even when we raised basal cAMP levels (Supplementary
Fig. 4). In contrast, we observed a clear inhibition curve for
the dopamine D2 receptor (D2R), which is known to signal
through Gi/o.

We next developed a scheme for testing GPCR signaling by
reintroducing one Go protein isoform at a time in the CRE, SRE
and NFkB assays. For each Ga, we titrated the amount of cDNA
to find an optimal level that restored signaling by defined recep-
tors known to couple to the targeted isoform without substantially
elevating the baseline signal (Supplementary Fig. 5). This ensured
that the expression level of each Ga subtype was set experimentally
at a level that facilitates screening orphan receptors for G coupling.
We first verified our approach for several well-characterized class
A GPCRs (Fig. 2a-c and Supplementary Fig. 5). For B, adrener-
gic receptor (B,AR) we observed a significant luminescence signal
in CRE only when Ga, was expressed (Fig. 2a), and for the Gq/
G12/13-coupled endothelin receptor type A (ETA) we observed
an NFkB-dependent luminescence signal only in the presence of
co-transfected Ga, or Ga; (Fig. 2b,c; for Gay,, see Supplementary
Fig. 5). Our approach thus allowed us to monitor Ga subtype-specific
signals, thereby providing a platform to screen orphan GPCRs for G
protein signaling partners while minimizing the confounding effect
of signaling crosstalk.

We screened Adgrl3 FL, CTF and A5-CTF constructs for
the three gene expression signals using an array of Go subtypes
(Extended Data Fig. 3). To our surprise, in contrast to our findings
in Fig. 1 with wild-type HEK cells, we found that compared to empty
vector control, FL produced a small but significant Go,-dependent
CRE signal, whereas neither CTF nor A5-CTF impacted the CRE
signal (Fig. 2d and Extended Data Fig. 3). By contrast, CTF greatly
enhanced Go,- and Gay;-dependent NFxB-dependent luciferase
expression compared to FL and A5-CTF levels (approximately four-
and sixfold, respectively; Fig. 2e,f). This result suggests that Adgrl3,
upon activation and TA exposure, signals through Gq and G13.

Given these findings and the hits from the Ga subunit screen,
we revisited the enhanced CTF signaling in regular HEK293T cells
(Fig. 1) using a selective Ga, inhibitor (YM-254890). We veri-
fied that the inhibitor suppresses Gq-mediated gene expression
but does not affect Gs or G13 signals (Supplementary Fig. 6). The
CTF-enhanced CRE and NFkB signals were both reduced by the
Ga, inhibitor (Extended Data Fig. 4). These results suggest that Gq
activation contributes to signals not only in the NF«B assay but also
in the CRE assay, which is widely thought to be a readout of only Gs
and Gi family activation, the isoforms that directly regulate adenylyl
cyclase.

To validate our findings with an independent approach, we
directly tested ADGRL3-mediated G protein activation by monitor-
ing the kinetics of G protein [*S]-GTPyS binding in membranes
reconstituted with purified GB,y, and either Ga,, Gay, or Gayy;. In
agreement with our Ga-subunitscreen, ADGRL3 membranes treated
with urea to remove the NTF and expose the TA (Extended Data
Fig. 5) robustly activated both G13 and Gq, with the [*S]-GTPyS
binding kinetics (0.67+0.13min™" and 0.08 +0.02min™", respec-
tively) being approximately ninefold faster for G13 (Fig. 2g-i). For
Gs we failed to observe any ADGRLS3 activation above background,
with or without urea treatment, consistent with our finding that
CTF did not produce any Go,-dependent CRE signal in the KO
HEKA7 cells, but seemingly inconsistent with our findings that
the FL construct produced a small Ga,- and Go,-dependent CRE
signal (Fig. 2d and Extended Data Fig. 3). Notably, in the absence
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of Ga, and Ga,, adenylyl cyclase cannot be activated by forskolin
(Supplementary Fig. 7)**. Thus, co-expression of Ga,, might ‘enable’
another pathway to adenylyl cyclase activation, thereby leading to
CRE signal without direct activation of Gs by FL. To explore further
if FL Adgrl3 CRE signaling is dependent on direct Gs activation,
we used a truncated Gao, (Ga,,,), which has been shown to abol-
ish B,AR coupling (Supplementary Fig. 7), but which still works to
complement adenylyl cyclase activity. With co-expression of Go,,,
we still observed a FL concentration-dependent increase in CRE
in the HEKA7 cells, and we therefore conclude that this baseline
activity does not result from direct Gs activation by the receptor but
rather through activation of another effector pathway that some-
how indirectly activates adenylyl cyclase (Supplementary Fig. 7).
The origin of the CRE signal generated by FL Adgrl3 thus remains
an open question for future study.

Acute TA exposure leads to direct G protein activation. Several
energy transfer approaches (bioluminescence resonance energy
transfer (BRET) and fluorescence resonance energy transfer (FRET)
would be useful for studying aGPCR signaling events at the plasma
membrane of living cells, but these techniques are not well suited
for constitutive activation and require acute receptor activation,
typically with a ligand, to induce a change in protein-protein inter-
actions that can be monitored within the dynamic range of the
assays. To achieve this goal, we modeled the TA exposure mecha-
nism found in protease-activated GPCRs (PAR1-4) and fused the
PARI N terminus with its cleavage site LDPR/SF (where / marks the
point of cleavage) to the CTF construct (PAR1-CTEF). In the PARI
cleavage site, the P2’ side chain phenylalanine was determined to
have a major influence on cleavage rate, while the P3’ side chain
was less important®. For aGPCRs in general, the GPS P1’ residue
is either a threonine or a serine and the consensus TA sequence
is TXFAVLMXX. Therefore, to maintain P2’ as phenylalanine,
we designed our activation construct so that thrombin cleaves to
expose a TA with the sequence SFAVLM. Thus, in comparison
to the endogenous Adgrl3 TA (TNFAVLM), the first amino acid,
threonine, is replaced by a serine and the TA is shortened by dele-
tion of the non-conserved asparagine normally at position P2’. Our
finding that truncating the TA by two amino acids did not abolish
the enhanced CTF signaling activity (Extended Data Fig. 2) sup-
ported this approach. To confirm that this engineered TA is able
to signal similarly to the endogenous TA, we created a TA-exposed
control construct, M-SFAVLM-CTF (construct called T923S/
AN924-CTF), and verified that this construct signals at levels simi-
lar to that of the CTF construct in all the gene expression assays
tested (Extended Data Fig. 6). Because expressing a FLAG epitope
tag N-terminal to the CTF construct abolished signaling to levels
comparable to FL (Supplementary Fig. 8), presumably by mask-
ing the TA, we hypothesized that placing the N terminus of PARI
N-terminal to the CTF would also abolish signaling activity. Indeed,
PAR1-CTF gene expression activity was not distinguishable from
that of FL receptor (Extended Data Fig. 6). Both the PAR1-CTF and
T923S/AN924-CTF constructs expressed at the cell surface at levels
comparable to the FL and CTF constructs (Supplementary Fig. 3).
Thus, when its N terminus is intact, the PAR1-CTF fusion construct
recapitulates the basal levels of FL Adgrl3 signaling, but when we
simulate thrombin cleavage, the newly exposed TA behaves like the
endogenous Adgrl3 TA.

To determine if we could generate a G protein-activation signal
by acute thrombin-induced cleavage, we first tested the PAR1-CTF
construct in a Gy release BRET assay, monitoring energy transfer
between a membrane-anchored luminescent donor and a fluores-
cent acceptor fused to the Gy subunit of the G protein heterotri-
mer” (Fig. 3a). We systematically tested this BRET scheme in the
HEKA?7 cell line with each of the key Ga subunits in question (Go,/
Go,/Ga,,/Gay;) (Fig. 3b). For both Ga,, and Ga,; we observed a
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Fig. 2 | AdgrI3 CTF signals through Gq and G13. Screen of Adgrl3 signaling in the major G protein signaling pathways utilizing a CRISPR KO cell line
(HEKA7) and a panel of gene expression assays. a-¢, Assay controls showing that the Ga,-coupled B,AR signals in CRE only when Ga is reintroduced

(a) and that ETA signals in NFkB only when Ga, (b) or Gay; (€) is reintroduced. In a, an unpaired two-tailed t-test was used to determine statistical
significance between the No Ga and Ga, conditions. In b and ¢, one-way analysis of variance (ANOVA) was used with Tukey's multiple-comparison
post-hoc test (b, ****P < 0.0001). d-f, Gene expression signals for Adgrl3 constructs FL, CTF and A5-CTF for CRE with Ga, (d), NFxB with Ga, (e) and
NFxB with Ga; (F). Each Ga protein species was reintroduced at an optimized cDNA concentration (Supplementary Fig. 5). In d-f, one-way ANOVA with
Tukey's multiple-comparison post-hoc test was performed to determine statistical significance among the FL, CTF and A5-CTF conditions (NS (P> 0.05),
***P<0.001, ***P<0.0001). In a-f the baseline signal of empty vector was subtracted to show receptor-dependent luminescence. The full screen for
Adgr3 in HEKA7 is shown in Extended Data Fig. 3. g-i, ADGRL3 N-terminal dissociation induced by urea enhances G13 and Gq activation. Mock and
urea-treated ADGRL3 membranes or empty High-Five membranes were reconstituted with purified Ga, (g), G, (h), Ga;; (i) and Gp,Gy, heterodimer and
receptor-stimulated [**S]-GTPyS binding kinetics were measured'*>>%. In a-f, bars are presented as mean+s.e.m. fromn=4 (a), n=3 (b,c), n=4 (d) and
n=>5 (e f) independent experimental replicates. In g-i, data are from one representative experiment performed three times. Error bars show mean +s.d.
from three technical replicates. See Supplementary Data for the full set of P values.
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Fig. 3 | Adgrl3 couples to Ga12/13 upon acute exposure of the TA. a, Cartoon outlining the principle of the GPy release BRET assay. Drug-induced BRET
occurs when Gpy-Venus is released from the G protein to interact with the C-terminal fragment of the G protein receptor kinase 3 fused to Rluc8. b, GBy
release assay testing the T923S/AN924-CTF, PAR1-CTF and PAR1 activation of Gs, Gg, G12 and G13 in HEKA7 cells. Unpaired two-tailed t-tests were
performed for T923S/AN924-CTF, PART-CTF and PART1 individually, to determine statistical significance between the No Ga control and each Ga subtype
(*P<0.05, ***P< 0.001, ***P< 0.0007). ¢, GPy release assay testing the T923S/AN924-CTF, PART-CTF and PAR1 activation of Ga in HEK full G KO
cells. Experimental conditions were identical to those for b. An unpaired two-tailed t-test was performed for each cDNA construct to determine statistical

significance between the No Ga control and Ga; conditions (*P < 0.05). d, Cartoon outlining the principle of the intermolecular heterotrimer a-y BRET
assay. BRET occurs between the heterotrimer subunits Ga-Halo (labeled by JF-525) and Gy-Rluc8. When the heterotrimer is activated, the BRET signal

is decreased. e, Thrombin dose-response curves for empty vector control and T923S/AN924-CTF, PAR1-CTF and PART1 receptor constructs in the Go-y
BRET assay. In b, c and e luminescence was read after 10 min of stimulation with TuM thrombin. Data are normalized to buffer controls and show the BRET
effect induced by thrombin. For b, ¢ and e, error bars represent +s.e.m. from three independent experimental replicates. See Supplementary Data for the

full set of P values in b and c.

robust response with thrombin activation of Adgrl3 PARI-CTF
and PARI, the latter serving as a positive control. As expected,
we did not observe any thrombin-induced effects for the T923S/
AN924-CTF construct lacking the thrombin cleavage site. This
result supports our finding that Adgrl3 TA exposure leads to G12/13
activation. As expected, we did not observe significant signals for
conditions without co-transfection of Ga subunits. Neither did we
observe any PAR1-CTF Gs activity, in agreement with our findings
from the Ga-subunit screen and GTPyS binding assays shown in
Fig. 2. Curiously, we also failed to observe significant Adgrl3 CTF
Gq-dependent activation, which we attribute to the fact that Gq
activation is less efficient™, consistent with the nearly 10-fold lower
GTPyS binding rate compared to that for G13, measured using the
G protein reconstituted membranes (Fig. 2h).

As noted above, Adgrl3 has previously been inferred to couple to
Gay*'. Although we failed to see inhibition of cAMP in the CRE gene
expression assay, signal inhibition can be complicated to interpret at
the level of gene expression. We therefore sought to investigate if we
could detect Adgrl3 coupling to the Gu,,, family of G protein sub-
types by acute TA exposure in the GPy release assay. For this pur-
pose, we used a HEK293 CRISPR cell line lacking all Ga,, subtypes
in addition to the other main Go families in HEKA7 (HEK full Ga
KO). We verified that the assay worked for D2R when each of the
five Ga,, subtypes (o, 0y, O3, 0o, and o) was reintroduced inde-
pendently (Extended Data Fig. 7a). However, consistent with the
results of the CRE gene expression assay, we failed to observe any
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Adgrl3-dependent Gfy release for the PAR1-CTF construct when
any of the Ga,, subtypes were co-expressed (Fig. 3c and Extended
Data Fig. 7b).

To further establish that CTF indeed activates G13 in a
dose-dependent manner, we also optimized an intermolecular het-
erotrimer Ga-y BRET assay (Fig. 3d) that reads out energy trans-
fer within the heterotrimer itself. We introduced a Halo-tag in
Ga,; and labeled it with the acceptor dye Janelia fluorophore 525
(JE-525), which is highly membrane permeant and can serve as a
suitable acceptor for BRET. Therefore, upon TA exposure we expect
to observe a decrease in drug-induced BRET as the receptor acti-
vates the heterotrimer. Indeed, both wild-type PAR1 and PAR1-CTF
led to a thrombin-concentration-dependent loss of BRET (Fig. 3e).
The PARI1 response to thrombin is more potent and efficacious than
PAR1-CTF, probably because PAR1 has, in addition to its cleavage
site, a hirudin-like sequence that binds the thrombin anion exosite
region and affects cleavage potency’. Importantly, without trans-
fected receptor or with the T923S/AN924-CTF construct expressed,
there was no response to thrombin. Our measured half-maximum
effective concentration (EC,,) for PAR1 was consistent with litera-
ture values’ and the dose-dependent behavior, which is expected
for a ligand-stimulated receptor response, is recapitulated for
PAR1-CTF, highlighting that CTF activates Ga,; upon TA exposure.

TA-exposed Adgrl3 recruits arrestin. Having established that
Adgrl3 engages in TA-dependent G protein signaling, we were
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Fig. 4 | Adgrl3 recruits p-arrestin to the plasma membrane in living cells. a, Cartoon outlining the principle of the split complementation luminescence
B-arrestin assay. After receptor activation (and potentially phosphorylation) p-arrestin-C-nluc is recruited to the membrane to complement a
membrane-anchored N-nluc. Upon B-arrestin translocation and reconstitution of a functional nluc, a luminescence signal is produced. b, p-arrestin-2
membrane-recruitment complementation assay for negative controls of empty vector, FL and T923S/AN924-CTF constructs as well as for PART-CTF,
PART in response to 1pM thrombin, and the vasopressin receptor V2R in response to 1pM vasopressin (AVP), which is a high-affinity p-arrestin binder.
Data are shown as fold over control (buffer). Unpaired two-tailed t-tests were performed to determine statistical significance between the PART-CTF
and No receptor, FL and T923S/AN924-CTF constructs, as well as No receptor and controls PART and the vasopressin receptor V2R. ¢, Dose-response
curves for a negative control (empty vector), PART-CTF and PART. Bars in b and data points in ¢ are presented as mean +s.e.m. from four independent
experimental replicates. d, -arrestin-2 decreased PAR1-CTF ERK1/2 phosphorylation. HEK ABarr1/2 cells were transfected with PART-CTF, or PAR1-CTF
with p-arrestin-2. After 48 h, the cells were acutely activated with TuM thrombin. The level of phosphoERK1/2 was normalized to total ERK and the
baseline at O min was subtracted to produce the time-dependent change in pERK1/2. Data in d represent mean +s.e.m. from three (PAR1-CTF) and four
(PAR1-CTF, B-arrestin-2) independent experimental replicates.

interested in determining if TA exposure also leads to p-arrestin
recruitment. We used a split complementation luminescence
assay”, in which P-arrestin fused to a C-terminal fragment of
NanoLuc (nluc) is recruited to the membrane to complement
an N-terminal fragment of nluc fused to a membrane anchor, in
response to receptor activation. Thus, a luminescence signal is only
produced by the reconstitution of a functional nluc when p-arrestin
translocates to the plasma membrane (Fig. 4a). As a positive con-
trol we showed that vasopressin acted at vasopressin receptor 2
(V2R) to recruit B-arrestin-2 (Fig. 4b, dark gray bar). Similarly,
thrombin-mediated activation of both PARI-CTF and PARI1 led

to robust concentration-dependent recruitment of B-arrestin-2*
(Fig. 4c). By contrast, no increase in luminescence was detected
for the three negative controls that were not expected to
respond to thrombin (empty vector, FL and T923S/AN924-CTF;
Fig. 4c). Finally, we addressed the effect of arrestin on
Adgrl3-mediated activation of extracellular signal-regulated kinase
1/2 (ERK1/2) in a HEK cell line devoid of B-arrestin-1/2 (HEK
Aparrl/2). We found that thrombin-induced TA exposure medi-
ated ERK1/2 phosphorylation in a G protein-dependent manner
and that P-arrestin-2 recruitment inhibited this response (Fig. 4d
and Extended Data Fig. 8).
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Discussion

The remarkable convergence of human genetics findings and behav-
ioral data from four different animal species implicating ADGRL3
in the pathophysiology of ADHD and substance use makes it a criti-
cal new target. To begin to understand Adgrl3 biology, we sought to
identify the basic signaling properties of this aGPCR. Here, we show
that TA exposure in Adgrl3 leads to robust activation of G12/13, as
well as a weaker activation of Gq.

In contrast to family A GPCRs, where potent small-molecule
agonists are usually available, the tools to study aGPCRs have been
limited, and there has been no method to acutely expose the endog-
enous TA from an FL aGPCR in a controlled manner in a live-cell
system. For a handful of receptors, synthetic peptides mimicking
the TA sequence have been used to activate signaling when applied
to both FL and CTF constructs'*'>*". A hurdle in using TA peptides
for acute activation is that for many aGPCRs (including Adgrl3),
such peptides are highly hydrophobic and difficult to solubilize'.
Because they are not covalently tethered to the CTE very high
concentrations are typically required to evoke a significant change
in second messenger levels'***. To overcome these limitations, we
engineered a receptor construct that allows for controllable acute
proteolytic TA exposure by thrombin and verified our findings
from Ga-subunit gene reporter assays at the level of acute activation
of G proteins in the plasma membrane of living cells. We anticipate
that this strategy will be broadly useful for the aGPCR field.

A typical feature for most class A GPCRs that signal to G12/13
is that they also activate Gq/11 pathways®. This fits with our obser-
vations of Adgrl3 as well as for aGPCRs in other families that have
been implicated in the G12/13 pathway, such as ADGRG1 (com-
monly known as GPR56)°*”7, ADGRG2%** and ADGRB1-2 (com-
monly known as BAI1-2)"*!. The most common action of G12/13 is
the direct regulation of a group of Rho guanine nucleotide exchange
factors (RhoGEFs) that activate the Ras-family small GTPase RhoA,
which is involved in several cellular functions such as shape changes,
migration, adhesion and contraction®. Next steps will be to explore
the downstream functions mediated by Adgrl3-dependent activa-
tion of G12/13, as well as to determine how, and in which subset
of neurons in the brain, the receptor is activated. Adgrl3 has been
shown to stabilize and shape synapse morphology and formation via
its trans-synaptic interactions with two single-pass transmembrane
protein ligands, fibronectin leucine-rich transmembrane proteins
(FLRTs) and teneurins'®**=**. Also, a recent study implicates Adgrl3
in influencing actin cytoskeleton dynamics®. Intriguingly, these
reports and our observation of G12/13 signaling raise the exciting
possibility that ligand interaction with the FL receptor might also
activate these pathways, although this has yet to be explored.

We also found that Adgrl3 recruits B-arrestin. Several other
aGPCRs (ADGRGI1-3 and ADGRBI1/3) have been reported to
bind P-arrestin using co-immunoprecipitation strategies”*’ and
cell-based screening platforms with modified receptors*. Here, we
show acute TA-dependent f-arrestin recruitment to Adgrl3 and
establish that recruitment of p-arrestin inhibits Adgrl3-mediated G
protein-dependent ERK phosphorylation, a first such example for
an aGPCR. Whether p-arrestin recruitment to Adgrl3 and other
aGPCRs also functions to internalize receptors and plays a role in
signaling, as has been shown for multiple family A GPCRs", will
also be an important area of future study*.

Adhesion GPCRs encompass a vital duality, combining cell-cell
adhesion interactions and metabotropic signaling, and it remains
an open question how this receptor class is activated in vivo. Recent
advances in the field suggest that NTF interactions and G protein
coupling might be functionally integrated through mechanical
stress"’, which leads to the proposal of two potential signaling
mechanisms that are not necessarily mutually exclusive. Mechanical
force exerted on the extracellular region of aGPCRs could (1)
remove the NTF altogether to expose the TA and activate G protein
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signaling or (2) alter the conformation of the extracellular protein
domains in a tunable manner to either expose the TA and/or affect
signaling in a TA-independent manner. Removal of the entire NTF
would result in an ‘all or none’ activation mechanism; however, ani-
mal studies of ADGRL3 homologs (flies, larvae and mouse) have
shown that GPS cleavage is not essential for at least some of its act
ions?**%*!. For Adgrl3 it remains an open question how the TA is
exposed in vivo, but a crucial first step to building a mechanistic
understanding of its signal activation is to understand which intra-
cellular G protein partners/signaling pathways to assay in response
to physiological stimuli such as mechanical forces. Here, we have
discovered a robust activation of G12/13, as well as a weaker activa-
tion of Gq, and therefore G12/13 should be the natural pathway to
monitor in future studies dissecting potential mechanical activation
of the receptor.
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Methods

Materials. DMEM, HanK’s balanced salt solution and penicillin-streptomycin were
from Gibco. FBS, 0.05% trypsin and Dulbecco’s PBS (DPBS) were from Corning.
Lipofectamine 2000 was from Invitrogen. Firefly p-luciferin was from NanoLight
Technology. Endothelin 1 (ET-1) was from Tocris. YM-254890 was from AdipoGen
Life Sciences. Enzyme-free cell dissociation solution, thrombin and BSA were from
Millipore Sigma. FluoroBrite DMEM was from Thermo Fisher Scientific.

Plasmid DNA constructs. Adgrl3 (NM_198702, mouse homolog) cDNA

was used as a polymerase chain reaction (PCR) template to make the various
Adgrl3 constructs used in this study, followed by insertion into pPCDNA3.1
(Supplementary Table 1). Plasmid construction was done either by restriction
enzyme digestion followed by ligation or by Gibson assembly using NEBuilder
HiFi DNA Assembly Master Mix (NEB). All sequences were confirmed with
Macrogen’s DNA sequencing service.

Cell culture. HEK293 cells with targeted deletion via CRISPR-Cas9 of GNAS,
GNAL (HEKAGs), HEK293 cells with targeted deletion via CRISPR-Cas9 of
GNAS, GNAL, GNAQ, GNA11, GNA12, GNA13 and GNAZ (HEKA?7), as well as
HEK293 cells with targeted deletion via CRISPR-Cas9 of GNAS, GNAL, GNAQ,
GNA11, GNA12, GNA13, GNAZ, GNAII, GNAI2, GNAI3, GNAO1, GNAT1

and GNAT2 (HEK full G KO) and HEK293 cells with targeted deletion via
CRISPR-Cas9 of ARRB1 and ARRB2 (HEK Aparr1/2) were used*>****, HEK293T,
HEKAGs, HEKA7, HEK full G KO and HEK Aparr1/2 cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C
in a 5% CO, humidified incubator. For the HEKA7 and HEKA13 cells, FBS was
heat-inactivated at 56 °C for 30 min.

Gene expression assays. Cells were plated in 12-well culture plates at a density of
3% 10° to 4 x 10° cells per well and incubated overnight. At 24h after seeding, cells
were transfected using Lipofectamine 2000 (2.3 pl per 1pg cDNA). For assays in
HEK293T, 600 ng of reporter (CRE-luc/SRE-luc/NFxB-luc) was co-transfected
with varied amounts of receptor (10-600 ng) and pcDNA5/FRT cDNA to balance
the total amount of DNA up to 1,200 ng. For assays in HEKA?7, 300 ng of reporter
(CRE-luc/SRE-luc/NFkB-luc) was co-transfected with 300 ng of receptor, a varying
amount of Ga subunit, and pcDNA5/FRT cDNA to balance the total amount of
DNA up to 800ng. For the Ga subunit screens in HEKA?7, the amounts of Ga
plasmid used were as follows: Ga,, 10 ng; Gat,y, 100 ng; Goy, 100 ng; Gar, 200 ng;
Ga,, 1 ng; Gays, 10 ng; pertussis toxin, 100 ng.

Twenty-four hours after transfection, cells were washed with DPBS and
detached in enzyme-free solution. Cells were centrifuged at 500r.c.f. for 3 min, the
supernatant was aspirated, and the cells were resuspended in 200 pl assay buffer
(1x HBSS, 20 mM HEPES, 0.1% wt/vol BSA, pH7.5). Cells were distributed into a
96-well black/white isoplate (Perkin Elmer Life Sciences) in triplicates at a volume
of 60 pl per well, then 30 pl of p-luciferin dissolved in assay buffer was added to
each well to a final concentration of 2mM, and emission was read at 525nm after
30 min incubation using a PHERAstar FS microplate reader (BMG LABTECH).
For assays using the SRE-Luc reporter, medium was exchanged to serum-free
DMEM 6h after transfection. For assays using the G -inhibitor YM-254890,
medium was exchanged to DMEM containing 1 pM YM-254890 6 h after
transfection. For assays using ET-1, medium was exchanged to DMEM containing
100nM ET-1 5h before lifting the cells for assay measurement.

For the SRE gene expression assay presented in Supplementary Fig. 5, a dual
luciferase assay was used. HEK239T cells (10° cells per well) in a 24-well format
were transfected using PEI reagent with varying amounts of ADGRL3 CTF
pcDNA3.1 constructs (1-24ng), 100 ng of SRE-luciferase plasmid, 1ng of Renilla
luciferase plasmid, and balancer pcDNA3.1 to equal 350 ng of total DNA. At 24h
post-transfection, cells were washed and incubated with serum-free DMEM for
8-10h. Cells were washed with Tyrode’s solution and incubated with 350 ul of dual
luciferase firefly reagent (Promega). Cell lysate (100 ul) was pipetted in triplicate
into 96-well gray optiplates (Perkin Elmer) and firefly luciferase signal was read
using a Berthold TriStar’ plate reader. Dual luciferase Renilla assay reagent (100 ul)
was then added to each well, the plates were incubated for 5min, shaken in the
TriStar? and Renilla luciferase signal was measured.

Bioluminescence resonance energy transfer assays. For single-point
measurements cells were plated in 12-well culture plates at a density of 3 X 10° to
4x10°cells per well. For dose-response experiments, cells were plated in six-well
culture plates at a density of 9 x 10° cells per well. For the py-release BRET assay,
cells were co-transfected 24 h after seeding using Lipofectamine 2000 (2.3 pl per
1 pg cDNA), receptor (200 ng), Ga (720 ng), G, (250 ng), Gy,-Venus (250 ng),
membrane-anchored GRK3ct-Rluc8 (50 ng) and pcDNAS5/FRT to balance the total
amount of DNA (1,470 ng).

For the Ga-y BRET assay, cells were co-transfected 24 h after seeding using
Lipofectamine 2000 (2.3 pl per 1 pg cDNA) with receptor (1,000 ng), Ga-Halo
(1,000 ng), Gy,-Rluc8 (100ng) and pcDNAS5/FRT plasmid to balance the total
amount of DNA (2,100 ng). For dose-response experiments these values were
scaled up by 2.7 times, and two six-well plates were combined for each curve.
Ga-Halo was labeled before proceeding with the BRET assay by incubating cells
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with 250 nM JF-525 in DMEM for 30 min at 37°C in 5% CO, and allowed to
recover in fresh DMEM for 1h. Janelia Fluor 525 dye (JF-525) was provided by L.
Lavis and J.B. Grimm (Janelia Research Campus).

The BRET assays were performed 24h after transfection. Cells were washed
with DPBS and BRET buffer (DPBS containing 5mM glucose). After washing,
the cells were resuspended in either 400 pl or 1,200 pl of BRET buffer (for 12-well
and 6-well cell culture plates, respectively) and distributed into 96-well OptiPlates
(Perkin Elmer Life Sciences) at 45 pl per well. Cells were incubated for 10 min with
5uM coelenterazine H (NanoLight Technologies) before ligand addition to reach
a final well volume of 100 pl. Donor (Rluc8) and acceptor (mVenus or JF-525)
emission was collected at 485nm and 525 nm, respectively. BRET intensities were
measured on a Pherastar FS plate reader (BMG) 10 min after ligand addition. The
BRET signal was calculated as the ratio of light emitted at 525 nm over that emitted
at 485nm. The drug-induced BRET ratio was obtained by subtracting baseline
BRET (buffer) for each condition. Dose-response curves were fit by nonlinear
regression to a sigmoidal dose-response relationship using GraphPad Prism.

For the BRET experiments presented in Supplementary Fig. 12, permeabilized
cells were used to deplete GTP. HEK293 cells lacking Ga-family subunits
(HEKAGs) were transiently transfected with f,AR-Rluc8, a Ga subunit (or vector
control), Venus-1-155-Gy, and Venus-155-239-Gf, in a (1:3:1:1) ratio. After
24-48M, cells were washed twice with permeabilization buffer (KPS) (140 mM KCl,
10mM NaCl, 1 mM MgCl,, 0.1 mM KEGTA, 20 mM NaHEPES, pH7.2), collected
by trituration, permeabilized in KPS buffer containing 10 pgml~" high-purity
digitonin and transferred to opaque black 96-well plates (Perkin Elmer Life
Sciences). BRET measurements were taken from permeabilized cells supplemented
with either 0.5mM GDP or 2 Uml~" apyrase, with either agonist or inverse agonist.

Arrestin recruitment assay. Cells were plated in 12-well culture plates at a density
of 3 10° to 4 10°cells per well and incubated overnight. Cells were co-transfected
24h after seeding using Lipofectamine 2000 (2.3 pl per 1 ug cDNA), receptor
(300ng), membrane-anchored N terminus of Nluc (50 ng), B-arrestin fused to the
C terminus of Nluc (50 ng), GRK2 (300 ng) and pcDNAS5/FRT to balance the total
amount of DNA (1,200 ng). For dose-response experiments these values were
scaled up by 2.7 times and two six-wells were combined for each curve. At 24h
after transfection, cells were washed with DPBS and BRET buffer and resuspended
in either 400 pl or 1,200 pl BRET bulffer (for single-point and dose-response curves,
respectively) before distributing 45 pl per well into a 96-well reading plate. Cells
were incubated for 10 min with 5puM coelenterazine H (NanoLight Technologies)
before ligand addition to reach a final well volume of 100 pl. Nluc emission

at 485 nm was measured on a Pherastar FS plate reader (BMG) 10 min after

ligand addition. Fold increase with ligand was calculated by dividing the average
luminescence signal by baseline (buffer). Thrombin-induced luminescence was
obtained by subtracting baseline BRET (buffer) for each condition. Dose-response
curves were fit by nonlinear regression to a sigmoidal dose-response relationship
using GraphPad Prism.

Urea stripping and [**S]-GTPyS binding assay. An ADGRL3 truncation that
comprises the FLAG-tagged extracellular HormR and GAIN domains and
C-terminal His,-tagged 7TM domain was expressed in High-Five insect cells.
Prepared membranes from the cells were treated with buffer (20 mM HEPES

pH?7.4, 1mM EGTA) (Mock) or buffer containing 7M urea at 4°C. The membranes
were precipitated and washed and the solubilized material was collected. Both
preparations were western blotted with mouse anti-FLAG (Sigma, F1804,

1:5,000 in milk BLOTTO) and anti-mouse horseradish peroxidase (HRP) (GE
Healthcare, NA931, 1:5,000 in milk BLOTTO) to detect the N-terminal and mouse
anti-penta-His (Qiagen, 34660, 1:5,000 in 5% BSA in PBS due to its known reactivity
with milk protein) and anti-mouse HRP (GE Healthcare, NA931, 1:5,000 in milk
BLOTTO) to detect the 7TM domain. Mock- and urea-treated ADGRL3 membranes
or empty High-Five membranes were reconstituted with 100nM purified G subunit
(Ga3, Gorg or Gar,) and 250 nM purified GB, Gy, heterodimer, then 1uM [*S]-GTPyS
(~20,000 c.p.m. pmol ) was added to initiate kinetic G protein GTPyS binding
reactions at 25 °C. At the indicated time points, Ga-[**S]-GTPyS was precipitated
onto nitrocellulose filters, then the filters were washed and subjected to scintillation
counting to quantify the amount of GTPyS bound to G protein.

ERK1/2 phophosphorylation assay. HEK293 cells lacking B-arrestin-1/2 (HEK
ApParr1/2) were plated in 12-well culture plates at a density of 3.5 X 10° cells per
well. Cells were transfected 24 h after seeding using Lipofectamine 2000 (2 pl per

1 pg cDNA) with the corresponding receptor (200 ng), p-arrestin-2 (400 ng) and
pcDNAS to balance the total amount of DNA (600 ng). At 48 h after transfection,
the cells were incubated with 1 pM thrombin over a time course of 0, 10, 20 or
45min. To stop the reaction, the medium was immediately removed and replaced
with 200 pl RIPA buffer (Sigma Aldrich) for 5min. The cells were then centrifuged
at 15,000¢ for 10 min and the supernatant was placed into 200 ul Laemmli 2X
concentrate (Sigma Aldrich). For each condition, 3.5 pl of sample was loaded onto
a12% SDS-PAGE gel, transferred onto a PDVF membrane, and incubated with
primary antibodies against phosphoERK1/2 (Cell Signaling Technology #9101,
1:1,000 dilution), total ERK1/2 (CST #9102S, 1:1,000 dilution) or HA (CST
#2367S, 1:1,000 dilution) at 4 °C overnight. The membranes were then washed and
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incubated with the corresponding HRP-conjugated secondary antibodies (1:10,000
dilution) for 1h at room temperature. Bands were detected using the Azure 600
Imaging System with enhanced chemiluminescence (Pierce). PhosphoERK1/2
expression was normalized to total ERK1/2 expression and the baseline at 0 min
was subtracted to produce the time-dependent change in pERK1/2. The density of
each time point was quantified using Image] 1.52°.

Microscopy. Cells were plated in six-well culture plates at a density of 9x 10° cells
per well. Cells were co-transfected 24 h after seeding with 800 ng Halo-tagged
receptor constructs using 6 pl of Lipofectamine 2000. At 24h after transfection,
cells were incubated with 250 nM JF-646, generously provided by L. Lavis and ].B.
Grimm (Janelia Research Campus), in DMEM containing 10% FBS for 30 min at
37°C in 5% CO, and subsequently in fresh DMEM for 1h, before being washed

in DPBS and resuspended in enzyme-free solution. After labeling, cells were
washed three times in PBA (PBS with 0.1% wt/vol BSA) and diluted in microscopy
buffer (FluoroBrite DMEM, 20 mM HEPES, pH7.5). Cells were seeded on a
fibronectin-coated glass coverslip (dimensions 22 X 22 mm, thickness 0.17 nm,
SCHOTT Nexterion) and incubated in FluoroBrite DMEM for 2-4h at 37°C in 5%
CO,. Finally, cells were fixed in a 5% paraformaldehyde solution overnight at 4°C
for next-day imaging on a Leica SP8 using the 640-nm laser line.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

All cDNA constructs and data are available on request from the authors.
Unprocessed full scans are provided for the immunoblots shown in Extended Data
Figs. 5 and 8. Source data are provided with this paper.
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Extended Data Fig. 1| TA-enhanced signaling effect is also observed in SRE, NFAT, and NFkB gene expression assays. a, SRE b, NFkB and ¢, NFAT. For
all gene response elements (SRE, NFAT, and NF«kB) signaling was increased significantly when the entire N-terminal fragment up to the GPS cleavage
site (CTF) was removed; FL receptor also showed some activity in SRE (comparable to CRE in Fig. 1). Luminescence in (a-c) was measured for a range of
increased receptor cDNA concentrations ~24 h after transfection in HEK293T cells. All data points are normalized to an empty vector control. Data are
presented as mean values +SEM from 3 independent experimental replicates.
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Extended Data Fig. 2 | Successive truncation of the first three ADGRL3 tethered agonist residues dramatically blunts SRE-Luciferase gene reporter
activation. SRE gene expression assay for ADGRL3 (human homolog) CTF, A1-CTF, A2-CTF and A3-CTF. Luminescence was measured for a range of
increased receptor cDNA amounts (ng) ~24 h after transfection in HEK293T cells. For the dual luciferase assay, data are presented as Firefly/Renilla
luciferase units, and all data points are normalized to the corresponding ratio for the empty vector control’>>2°3, Data are from one representative
experiment performed 3 times. Data are presented as mean +SD from triplicate technical replicates.
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Extended Data Fig. 3 | Screen of Adgrl3 (FL, CTF, and A5-CTF constructs) signaling in the 4 major G protein signaling pathways utilizing a HEK293
CRISPR knockout cell line (HEKA7) and a panel of gene expression assays. a, CRE b, NFkB ¢, SRE. Each Ga protein species was reintroduced one at a time
(see color legend for specification) at optimized cDNA concentrations and luminescence signals were evaluated for empty vector control and receptor
constructs ~24 h after transfection. All data points are normalized to corresponding empty vector control. Bars indicate mean values +SEM from 4 (a) and
5 (b-c) independent experimental replicates. Bars for Ga,.q Gy, are presented as mean values +SEM from 3 independent experimental replicates.
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Extended Data Fig. 4 | CTF Go, signaling is detected both in CRE and NFxB. CTF signaling in CRE, NFkB, and SRE was evaluated after 18 h of treatment

with either vehicle or a potent Gay, inhibitor (YM-254890, 1pM). Data was collected in regular HEK293T cells. Data points are normalized to empty vector
control and displayed as the fold decrease with YM-254890. Bars show mean +SEM from 4 independent experimental replicates.
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Extended Data Fig. 5 | Urea-mediated ADGRL3 N-terminal Fragment dissociation. For the membrane urea treatment experiments presented in this
figure, a FLAG- (N-terminal) and His,- (C-terminal) tagged ADGRL3 construct that was truncated N-terminally to the HormR domain was used”' (See
Fig. 1 for Adgrl3 architecture). Insect cell membranes (High-Five) with expressed ADGRL3 were mock treated or extracted with urea. The presence of the
ADGRL3 NTF and CTF in the membrane (Mem) and extract (Soluble, Sol) fractions was determined by immunoblotting with an anti-FLAG antibody to
detect the NTF and an anti-penta-His antibody to detect the CTF. The NTF (apparent MW ~50 kDa) was partially solubilized with the urea, whereas the
CTF (apparent MW ~27 kDa) was not. The penta-His blot panels are from one contiguous blot, but broken to avoid oversaturation of the ~70 kDa band

(unprocessed receptor) and to show a higher exposure of low MW panel (-27 kDa CTF). Data from one representative experiment that was repeated
three times.
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Extended Data Fig. 6 | CRE, NFxB, and SRE gene expression assays for PAR1-CTF and corresponding T923S/AN924-CTF control construct. CRE a, NFkB
b, and SRE ¢, signaling was increased significantly for T923S/AN924-CTF to levels comparable with CTF, whereas PAR1-CTF signals were comparable to
FL levels. CTF and FL are replotted from Fig. 1c and Supplementary fig. 4 for direct comparison. Luminescence was measured for a range of receptor cDNA
concentrations ~24 h after transfection in HEK293T cells. All data points are normalized to an empty vector control. Data are shown as mean +SEM from
3 independent experimental replicates.
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Extended Data Fig. 7 | TA-exposed Adgrl3 does not activate the Go,, family. a, GPy release assay testing D2R activation of Gor,, Ga,, Gas, Gt and

Gat,g in HEK full G protein KO cells. In comparison to the HEKA7 CRISPR knockout, this cell line also lacks the full Gay,, family. Luminescence was read

10 min after stimulation with 10 uM quinpirole. b, GPy release assay testing the T923S/AN924-CTF, PAR1-CTF, and PART1 activation of Gay,, Ga,, Gots, Goto
and Ga,g in HEK full G protein KO cells. Luminescence was read 10 min after stimulation with 1 pM thrombin. All data are normalized to buffer controls
and show the BRET effect induced by ligands. Bars show mean +SEM from 3 independent experimental replicates. One-way ANOVA with Dunnett's
multiple-comparison post-hoc test was performed for each cDNA construct individually, (no receptor (empty vector), T923S/AN924-CTF, PAR1-CTF,

and PART) to determine statistical significance between the No Ga control and each Ga subtype (For Ga; **p=0.0064, for Gaz **p=0.0032). See
Supplementary Data for the full set of p-values.
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Extended Data Fig. 8 | $-arrestin-2 decreases G protein-dependent ERK1/2 phosphorylation. HEK ABarr1/2 cells were transfected with PAR1-CTF

or PAR1-CTF with B-arrestin-2. After 48 hr, the cells were acutely activated with 1pM thrombin over a time course of 45 min. a, Representative
immunoblotting analysis with antibodies against phosphoERK1/2 (#91015), total ERK1/2 (#91025), and HA (#2367S). Each sample was derived from
the same experiment and the blots were processed in parallel. The HA blot was used as a sample processing control to ensure uniform p-arrestin-2
expression. b, The level of phosphoERK1/2 was normalized to total ERK and the baseline at O min was subtracted to produce the time-dependent change
in pERK1/2. Data are presented as mean + SEM from 3 (PAR1-CTF) 4 (PAR1-CTF, p-Arrestin-2) independent experimental replicates.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
2N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

X ]

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)

\YZ
X AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

< For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Pa

Give P values as exact values whenever suitable.
For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX 0 O OX O O0Os

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used for data collection.

Data analysis All data were analyzed and graphed using GraphPad Prism 5 or 8. Dose-response curves were fit by nonlinear regression to a sigmoidal
dose-response relationship using GraphPad Prism.
ImageJ 1.52 was used to quantify the density for PhosphoERK1/2 and total-ERK1/2 gel bands (Extended Data fig. 8) and for measuring
line scan fluorescence intensities in Supplementary Fig. 3.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All cDNA constructs and data are available on request from the authors.
Statistical source data are provided for all main figures, extended data figures and supplementary figures.
Unprocessed full scans are provided for the immunoblots shown in Extended Data Fig. 5 and 8.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Our main methods are luminescence-based signaling assays (gene expression assays, BRET assays and Arrestin recruitment assay) which are
read out in 96 well plate formats. Our sample size is normally three 96-well technical replicates, which we have determined to be sufficient to
account for technical variability such as sample loading and luminescence detection.

For the supporting technigues that determine [35S]-GTPgS binding and ERK phosphorylation - the sample size was as follows (GTPgS, 5
triplicate measurements over 30 minutes, and ERK, 4 individual measurements over 45 min.
For microscopy experiments we normally acquire 10-20 images with 5-10 cells per image.

Data exclusions  No data were excluded from the analysis.

Replication All data shown are done in 3-5 independent experimental replicates unless otherwise stated.
All attempts at replication were successful.
Figure 2g-i shows data from one representative experiment performed 3 times.
Supplementary Fig. 1 shows data from one representative experiment performed 4 (a) or 5 (b) times.
Extended Data Fig. 2 shows data from one representative experiment performed 3 times.
Extended Data Fig. 5 shows immunoblots from one representative experiment performed 3 times.
Extended Data Fig. 8 shows immunoblots from one representative experiment performed 3 times.

Exceptions are:

Supplementary Fig. 3 show 5 representative cells collected in 2 independent experiments.
Supplementary Fig. 6 show data from one representative experiment performed twice.

Randomization  Our main methods are biochemical signaling assays.
We have no reason to believe that the sampling is prone to bias and we do not as such assign subject into groups.
None of our experiments have been excluded.

Blinding Blinding was not relevant in the current study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology |:| MRI-based neuroimaging

Animals and other organisms

Human research participants

XX XX OO s
OO0 X X

Clinical data

Antibodies

Antibodies used Urea mediated ADGRL3 N-terminal dissociation (Extended Data Fig. 5):
Primary antibodies:mouse anti-FLAG (sigma, F1804, 1:5000), mouse anti-Penta HIS (Qiagen, 34660, 1:5000)
Secondary antibody: anti-mouse-HRP (GE Healthcare, NA931, 1:5000)

ERK1/2 Phosphorylation Assay (Fig. 4):

Phospho-44/42 MAPK (Erk1/2)(Thr202/Tyr204) (Cell Signaling Technology, #9101S, 1:1000); p44/42 MAPK (Erk1/2) (Cell
Signaling Technology, #9102S, 1:1000); and HA-Tag (6E2) Mouse monoclonal antibody (Cell Signaling Technology, #2367S,
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Validation

Eukaryotic cell lines

1:1000).

Secondary antibodies: Mouse IgG HRP linked whole antibody (Millipore Sigma, GENA931, 1:10000) and Rabbit 1gG HRP linked
whole antibody (Millipore Sigma, GENA934, 1:10000).

All antibodies are commercially available and validated by their respective manufacturers.

For Millipore Sigma, all antibodies undergo application-specific validation and are customer beta tested
https://www.emdmillipore.com/US/en/life-science-research/antibodies-assays/antibodies-overview/Antibody-Development-
and-Validation/cFOb.qB.8McAAAFOb64qQvSS,nav.

The Qiagen penta-His antibody is produced under conditions that ensure the highest purity and activity, and is purified by
adsoption chromatography
https://www.giagen.com/fi/products/discovery-and-translational-research/protein-purification/tagged-protein-expression-
purification-detection/penta-his-antibody-bsa-free/#orderinginformation.

Finally, for Cell Signaling Technology, antibody validation includes six complementary strategies to determine functionality,
specificity, and sensitivity of an antibody in any given assay
https://www.cellsignal.com/contents/our-approach/cst-antibody-validation-principles/ourapproach-validation-principles

For all experiments using antibodies, proper positive and negative controls were included and are shown in the analysis. These
controls verified that the antibodies bind to their expected epitopes with minimal non-specific binding.

Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

HEK293T (CRL-3216): ATCC.
CRISPr HEK lines (HEKAGSs, HEKA7, HEK full G KO, and HEK Aarr1/2) from collaborator Asuka Inoue.
High Five Insect cells (Tni) from Expression Systems (https://expressionsystems.com/product/insect-cells/)

HEK293T (CRL-3216) was purchased from ATCC 06/08/2017, they were not authenticated after purchase.
CRISPr HEK lines (HEKAGSs, HEKA7, HEK full G KO, and HEK Aarr1/2) were authenticated by their creator Asuka Inoue.

Cell lines were not tested for mycoplasma.

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
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