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Adhesion G protein-coupled receptor latrophilin 3
(ADGRL3), a cell adhesion molecule highly expressed in the
central nervous system, acts in synapse formation through
trans interactions with its ligands. It is largely unknown if these
interactions serve a purely adhesive function or can modulate
G protein signaling. To assess how different structural ele-
ments of ADGRL3 (e.g., the adhesive domains, autoproteolytic
cleavage site, or tethered agonist (TA)) impact receptor func-
tion, we require constructs that disrupt specific receptor fea-
tures without impacting others. While we showed previously
that mutating conserved Phe and Met residues in the TA of
ADGRL3–C-terminal fragment (CTF), a CTF truncated to the
G protein-coupled receptor proteolysis site, abolishes receptor-
mediated G protein activation, we now find that autoproteo-
lytic cleavage is disrupted in the full-length version of this
construct. To identify a construct that disrupts TA-dependent
activity without impacting proteolysis, we explored other mu-
tations in the TA. We found that mutating the sixth and sev-
enth residues of the TA, Leu and Met, to Ala impaired activity
in a serum response element activity assay for both full-length
and CTF constructs. We confirmed this activity loss results
from impaired G protein coupling using an assay that acutely
exposes the TA through controlled proteolysis. The ADGRL3
mutant expresses normally at the cell surface, and immuno-
blotting shows that it undergoes normal autoproteolysis. Thus,
we found a construct that disrupts tethered agonism while
retaining autoproteolytic cleavage, providing a tool to disen-
tangle these functions in vivo. Our approach and specific
findings are likely to be broadly applicable to other adhesion
receptors.

The adhesion G protein-coupled receptor latrophilins
(ADGRL1-3) are highly expressed in the central nervous sys-
tem. They are best known for their role in synaptic adhesion
through trans interaction with endogenous interacting part-
ners, notably the teneurins (1) and fibronectin leucine-rich
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© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
repeat transmembrane proteins (2), which interact with the
adhesive N-terminal rhamnose-binding lectin and
olfactomedin-like domains, respectively (Fig. 1A). In addition to
these two adhesion modules, ADGRLs are composed of a
serine-/threonine-rich region and hormone receptor motif, a
conserved G protein-coupled receptor (GPCR) autoproteolysis-
inducing (GAIN) domain that encompasses the GPCR prote-
olysis site (GPS), and a seven transmembrane (7TM) domain
(3–5). Autoproteolytic cleavage at the GPS divides the receptor
into an N-terminal fragment (NTF) and a C-terminal fragment
(CTF) that remain associated throughout receptor trafficking to
the cell surface. The seven residues immediately C-terminal to
the GPS (denoted P10-P70) (4) constitute the tethered agonist
peptide (TA) (also known as the Stachel or stalk peptide),
which when exposed binds to the transmembrane domain of
ADGRLs and promotes the activation of heterotrimeric G
proteins (6–8).

To assess how different structural elements impact the
functionality of ADGRL3, we sought to design a mutation that
impairs TA-mediated receptor activation but preserves normal
autoproteolytic cleavage. Other groups have designed mutants
with impaired autoproteolytic cleavage alone, notably with
mutations of the proteolysis consensus site, HL/T, such as
TP1’G in ADGRLs (5, 9). We previously showed that mutating
the conserved FP3’ and MP7’ TA residues to Ala in ADGRL3
resulted in dramatically impaired G protein activity (7).
However, here, we show that this double mutation in the full-
length (FL) receptor also disrupts autoproteolysis, making it
impossible to use this construct to differentiate the role of
disrupted tethered agonism from that of the loss of autopro-
teolytic cleavage.

Recent work revealed the high-resolution structure of TA-
bound ADGRL3-CTF in complex with miniG13 heterotrimer
(8). Using the structure as a guide, the authors tested a series of
critical interactions between the TA and 7TM domain.
Notably, the authors observed a dramatic impairment of G
protein activation when they mutated LP6’ to Ala; so we eval-
uated this mutant for signaling and cleavage. In addition, we
also tested the double mutation of LP6’ and MP7’ to Ala. We
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Figure 1. The GPCR proteolytic site undergoes autoproteolytic cleavage to release the tethered agonist and facilitate receptor activation. A,
cartoon representation of full-length (FL) ADGRL3. The N-terminal fragment (NTF) of the receptor is comprised of rhamnose-binding lectin (RBL) and
olfactomedin (OLF) domains, a serine/threonine-rich region, and a hormone receptor motif (HRM). Proteolysis occurs within the GPCR autoproteolysis-
inducing domain (GAIN) at the GPCR proteolytic site (GPS). Cleavage occurs between HLP1 and TP1’, resulting in exposure of the TA peptide. The
C-terminal fragment (CTF) of the receptor is composed of a transmembrane GPCR fold (7 TM) that signals through heterotrimeric G proteins. B–C,
construct design for the ADGRL3 mutants tested in this study. D, anticipated functional outcomes for the ADGRL3 mutants tested in this study. The upper
denotation represents the receptor’s ability to undergo autoproteolytic cleavage, whereas the lower denotation represents TA-mediated receptor
activation. ADGRL3, adhesion G protein-coupled receptor latrophilin 3; GPCR, G protein-coupled receptor; TA, tethered agonist; 7 TM, seven
transmembrane.

Finding a cleaved tethered agonist–impaired ADGRL3 mutant
show that ADGRL3-LP6’A/ML7’A undergoes efficient auto-
proteolytic cleavage but has dramatically impaired TA-
mediated receptor activation, whereas the single mutant
ADGRL3-LP6’A maintains substantial serum response element
(SRE) activity. This double mutation therefore successfully
isolates tethered agonism from receptor cleavage, providing an
important molecular tool for studying latrophilins and likely
other adhesion receptors.

Results

The ADGRL3-LP6’A/MP7’A mutations in the TA impair activity

To find an ADGRL3 construct with impaired TA-dependent
activation but preserved autoproteolytic cleavage, we designed
three constructs (Fig. 1, B and C): 1) ADGRL3-FP3’A/MP7’A (7),
2) ADGRL3-LP6’A (8), and 3) ADGRL3-LP6’A/MP7’A (8). We
chose ADGRL3-FP3’A/MP7’A as a positive control for impaired
TA activity (7) and ADGRL3-TP1’G as a positive control for
impaired autoproteolytic cleavage (Fig. 1D) (5, 9). We first
tested our receptor constructs for impaired receptor activation
using a dual-glo SRE luciferase reporter (Fig. 2A). We validated
the assay by cotransfecting cells with the SRE-luciferase
plasmid and increasing concentrations of either FL ADGRL3
or the constitutively active CTF construct (ADGRL3-CTF)
(Fig. 2, B and C). FL ADGRL3 showed increased SRE activity
with increasing concentrations of transfected DNA (ranging
from �5–10 fold). While it is conceivable that this increase in
signal may be due to a small fraction of receptors from which
the NTF has dissociated, it is also possible that NTF dissocia-
tion is not absolutely required for receptor activation. The
signal was also greatly enhanced by ADGRL3-CTF (�25–30
fold), largely independent of DNA concentration in the range
tested, consistent with our published work (7).
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Mutation of TP1’G in the proteolysis consensus site of the
GAIN domain of ADGRL1 was shown to abrogate cleavage (5).
The same mutation in human ADGRL3 also abolished auto-
proteolysis but preserved activity in an SRE-luciferase assay
(9). We found that FL ADGRL3-TP1’G showed measurable but
diminished receptor activation, whereas ADGRL3-TP1’G-CTF
demonstrated robust SRE activity, on par or even greater than
WT ADGRL3-CTF (Fig. 2, B and C). Thus, ADGRL3-TP1’G
retains a functional TA.

Using the SRE-luciferase assay, we showed that ADGRL3-
FP3’A/MP7’A and ADGRL3-FP3’A/MP7’A-CTF had disrupted
SRE activity compared to WT receptor, suggesting that this
receptor construct cannot activate Gα12/13 (Fig. 2, B and C). In
contrast, while a single mutation of LP6’ to Ala led to somewhat
diminished signaling in the FL construct, it led to robust SRE
activation in the CTF (Fig. 2, B and C). This is unlike the result
previously published for LP6’A using GTPγS turnover with
reconstituted Gα13 (8). However, unlike the turnover assay,
which is an acute readout of G protein coupling, the SRE activity
assay is downstream of G protein activation and accumulates
luciferase over a period of 24 h. Thus, our findings highlight the
importance of using multiple assays to assess different aspects of
signaling (i.e., acute versus extended response). As hypothesized,
double mutation of LP6’A and MP7’A fully disrupted SRE activity
in both the FL and CTF formats (Fig. 2, B and C), suggesting the
receptors are unable to activate Gα12/13.
ADGRL3-LP6’A/MP7’A does not couple to Gɑ13 in an acute
activation assay

To confirm these results with the double mutant at the level
of G protein activation, we used a Gβγ release biolumines-
cence resonance energy transfer (BRET) assay (10) with acute
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Figure 2. SRE-luciferase activity is disrupted in ADGRL3-LP6’A/MP7’A. A, schematic of the dual-glo serum response element (SRE)-luciferase reporter
assay. To activate ADGRL3, the tethered agonist (TA) binds to the orthosteric pocket of the receptor, resulting in the release of Gα and Gβᵧ subunits from the
heterotrimer. This release initiates a cascade of downstream second messenger pathways and eventual gene transcription of firefly luciferase by SRE. As an
internal control, Renilla luciferase is expressed downstream of the constitutive promoter CMV. B, SRE-luciferase assay for full-length ADGRL3 and mutant
constructs ADGRL3-FP3’A/MP7’A, ADGRL3-TP1’G, ADGRL3-LP6’A, and ADGRL3-LP6’A/MP7’A. C, SRE-luciferase assay for ADGRL3-CTF and mutant constructs
ADGRL3-FP3’A/MP7’A-CTF, ADGRL3-TP1’G-CTF, ADGRL3-LP6’A-CTF, and ADGRL3-LP6’A/MP7’A-CTF. Data in (B) and (C) are expressed relative to the absence of
receptor (control). Statistics were calculated using the two-way ANOVA with Tukey’s multiple comparison test. The mean of the WT receptor control at
200 ng or 600 ng was compared to the mean of the corresponding mutant receptors (*p < 0.1; ****p < 0.0001). ADGRL3, adhesion G protein-coupled
receptor latrophilin 3; CTF, C-terminal fragment.

Finding a cleaved tethered agonist–impaired ADGRL3 mutant
TA exposure using a protease-activatable ADGRL3 construct
(Fig. 3A). In contrast to our previous work using thrombin for
cleavage (7), which leaves a single residue “scar” at the start of
the TA, we adapted a recently published method that uses
enterokinase and leaves a native TA (11). Enterokinase rec-
ognizes the trypsinogen substrate sequence DDDDK and
cleaves after the lysine residue. Thus, we cloned an ADGRL3
construct with the endogenous ADGRL3 signal peptide, a self-
labeling protein (SNAP-tag), a flexible linker (GGSGGSGGS),
the enterokinase recognition site (DDDDK), and the truncated
ADGRL3-CTF sequence. We expressed this receptor
construct in a HEK293 cell line with targeted deletion of all G
proteins (12) and monitored energy transfer after the addition
of enterokinase in the presence and absence of Gα13. As with
our thrombin-activatable construct (7), the enterokinase-
cleavable WT ADGRL3 construct gave a robust BRET
response after the addition of enterokinase in the presence of
Gα13 compared to its absence (Fig. 3B). However, for the
cleavable ADGRL3-LP6’A and ADGRL3-LP6’A/MP7’A con-
structs, enterokinase treatment failed to produce a BRET
response even in the presence of Gα13 (Fig. 3B). This suggests
that ADGRL3-LP6’A and ADGRL3-LP6’A/MP7’A have greatly
impaired acute TA-mediated activation of Gα13.

ADGRL3-LP6’A/MP7’A is expressed at the cell surface

To ensure that the ADGRL3-LP6’A/MP7’A construct was
normally expressed, we performed a cell surface–labeling
experiment with an impermeant dye targeted to the extracel-
lular SNAP-tag (13, 14) (Fig. 3C). We did not detect a
significant difference in expression between FL WT ADGRL3
and FL ADGRL3-LP6’A/MP7’A (Fig. 3D). ADGRL3-LP6’A/
MP7’A-CTF was expressed at a somewhat greater level than
ADGRL3-CTF (Fig. 3E), but even with this higher expression,
it was unable to activate Gα13 (Fig. 3B).3
ADGRL3-LP6’A/MP7’A retains normal autoproteolytic cleavage

We next used an immunoblot assay to test whether the FL
versions of our ADGRL3 mutants undergo autoproteolytic
cleavage (Fig. 4). We used a primary antibody against the FLAG
tag positioned on the C-terminus of the receptor. We expected
our FL ADGRL3 constructs to run at�173 kDa and the cleaved
receptor at �71 kDa (Fig. 4A). Both our FL ADGRL3-Flag and
truncated ADGRL3-CTF-FLAG ran as expected (Fig. 4B). The
ADGRL3-TP1’G-Flag showed banding at only the uncleaved
molecular weight, confirming that it does not undergo auto-
proteolytic cleavage. The ADGRL3-FP3’A/MP7’A-FLAG
construct also showed banding only at the uncleaved position.
This was not completely unexpected, as previous work in
ADGRL1 showed that a single mutation of FP3’ impairs auto-
proteolytic cleavage (5). Finally, the ADGRL3-LP6’A/MP7’A-Flag
construct showed banding only at the position of cleaved re-
ceptors, consistent with robust autoproteolytic cleavage.
Structural basis for disrupted TA-mediated activation and
cleavage

To build a structural context for understanding the
impaired TA activation of ADGRL3-LP6’A/MP7’A, we carried
J. Biol. Chem. (2022) 298(12) 102594 3
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(ns, not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001). ADGRL3, adhesion G protein-coupled receptor latrophilin 3; CTF, C-terminal fragment.

Finding a cleaved tethered agonist–impaired ADGRL3 mutant
out molecular dynamic (MD) simulations based on the cryo-
EM structure of the ADGRL3/Gα13 complex (8), both for the
WT and the double mutant receptor. In comparison to WT,
the LP6’A/MP7’A mutation altered the orientation of W1158 at
the bottom of the binding pocket (Fig. 5, A–C). This confor-
mational rearrangement is likely due to the space created by
the mutations, which allows the χ1 rotamer of W1158 to rotate
from gauche+ to trans, whereas the interaction with MP7’ re-
tains the gauche+ rotamer of W1158 in WT (Fig. 5E).
Consequently, and in combination with other disruptive ef-
fects of the mutations, the TA was shifted upwards in the
binding pocket, as demonstrated by the increased distance
between residues LP6

0
and F1092 and the decreased distance

between residues MP70 and F995 (Fig. 5D). To validate the
importance of the interaction of the TA with W1158, we
generated a W1158A mutant and assessed signaling in the SRE
activity and BRET assays (Fig. 5, F and G). Both assays showed
4 J. Biol. Chem. (2022) 298(12) 102594
greatly impaired signaling, suggesting that W1158 plays a role
as a toggle switch, similar to the role of Trp6.48 in class A
GPCRs (15).

Structural analysis of the ADGRL1 GAIN domain (Fig. 5H)
suggests that FP3’ likely stabilizes the turn between the two β-
strands in the GAIN domain where autoproteolysis occurs
between LP1 and TP1’ and forms an aromatic-hydrophobic
interaction with TP1’ (Fig. 5I). Disruption of these in-
teractions by mutation of FP3’, therefore, disrupts cleavage,
whereas mutation of the LP6’ likely preserves essential hydro-
phobic interactions and allows cleavage.
Discussion

Adhesion GPCRs are challenging to study, largely due to
their structural complexity and the lack of robust pharmaco-
logical tools to activate or inhibit their actions. Specific to
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Finding a cleaved tethered agonist–impaired ADGRL3 mutant
ADGRL3, gene disruption across animal species causes hy-
peractivity and alters dopaminergic neurotransmission (16–22).
Thus, ADGRL3 may offer a novel target for modulating
dopaminergic neurotransmission, but the molecular mecha-
nisms underlying this regulation remain unknown. To eluci-
date these mechanisms in vivo requires receptor constructs that
selectively disrupt the various structural and functional ele-
ments of the receptor. While several studies have reported
ADGRL3 constructs that disrupt either cell–cell adhesion
(23–25) or autoproteolytic cleavage (9), we were unable to find
a published construct that impaired TA-mediated receptor
activation without impacting autoproteolysis. Here, we describe
a double mutation in ADGRL3, ADGRL3-LP6’A/MP7’A, that
retains normal cleavage but has impaired TA activity and G
protein coupling and provides a structural context for our
findings. This engineered receptor will be useful in determining
how autoproteolytic cleavage and TA activity individually
impact ADGRL3 function in vivo in the context of the FL re-
ceptor, and its design can likely be applied to other adhesion G
protein-coupled receptors (aGPCRs).

The relative contributions and/or necessity of autoproteo-
lytic cleavage and the tethered agonist to aGPCR activity
remain an area of active study and substantial contention.
Several published studies have attempted to unravel the
mechanistic details of aGPCR action in vivo (26–29). However,
current reports that use mutagenesis to impair tethered
agonist activity have largely ignored the effect of mutations on
autoproteolytic cleavage. Essentially, all published mutations
used to disrupt TA activity involve the P30 position and thus
are likely to prevent cleavage in the FL constructs. While these
mutations are useful in the context of studying the function of
the isolated CTF, they create an unappreciated confound in the
context of the FL receptor. Isolating tethered agonism from
autoproteolytic cleavage, which we have accomplished here for
the first time, will simplify analysis of in vivo results and
provide powerful support for how these receptor features
impact biological systems.
There are several adhesion GPCRs that cannot undergo
autoproteolysis: ADGRE1, ADGRA2/A3, ADGRC1/C3,
ADGRD2, ADGRF2, ADGRF4, and ADGRG7 (4). Impaired
autoproteolysis is typically the result of an altered GPS. For
example, minimal to no autoproteolysis occurs for receptors
that lack a basic residue at P2 (e.g., Arg/Lys/His) or a polar
residue at P1’ (e.g., Ser/Tyr/Asn/Gln/Cys/Thr). Some of these
noncleaved aGPCRs are still capable of signaling; therefore,
activation does not seem to be completely dependent on
tethered agonist exposure through removal of the NTF (6, 30).
MD simulations of spontaneous TA exposure have recently
been reported for five intact aGPCR homologs (ADGRB3,
ADGRE2, ADGRE5, ADGRG1, and Lphn1) (31). This study
used biorthogonal labeling of conserved positions within the
TA to show that large portions (+6 residues) of the TA can
become solvent accessible in the context of the GAIN domain.
Thus, it is possible that an intact aGPCR heterodimer could
unmask the TA sufficiently for interaction with the 7 TM,
resulting in receptor activation, and this might also occur for
an uncleaved construct to an extent sufficient for signaling. A
recent report indicates that an uncleaved knock-in construct of
ADGRF5 fails to rescue function in vivo (27). This contrasts
with our work using ADGRL2, in which we show that an
uncleaved receptor with an intact TA retains intermediate
function relative to WT, whereas an uncleaved TA with a dead
TA is without function (29). Thus, the field is complex and
requires constructs like those we have developed here to
evaluate these questions systematically in vitro and in vivo.
Experimental procedures

Plasmid DNA constructs

FL mouse ADGRL3 cDNA was used as a template in PCR to
make the described ADGRL3 constructs on a pcDNA3.1+
backbone. Plasmids were assembled by Gibson assembly using
NEBuilder HiFi DNA Assembly Master Mix (New England
J. Biol. Chem. (2022) 298(12) 102594 5
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stabilize the conformation necessary for the autoproteolysis occurring between LP1 and TP1’; TP1’ also forms a hydrophobic-aromatic interaction with the FP3’,
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and LP6’, respectively. ADGRL3, adhesion G protein-coupled receptor latrophilin 3; CTF, C-terminal fragment; GAIN, GPCR autoproteolysis-inducing domain;
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Biolabs). All engineered cDNAs were sequenced by Genewiz
from Azenta Life Sciences.

Cell culture
HEK293T cells (American Type Culture Collection) and

HEK293 cells with targeted deletion via CRISPR-Cas9 of
GNAS, GNAL, GNAQ, GNA11, GNA12, GNA13, and GNAZ
(HEKΔ7) (12) were maintained in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin (10,000
U/ml) at 37 �C in a 5% CO2 humidified incubator.
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Gene expression assay

The experimental setup for this assay was described previ-
ously (7). Briefly, HEK293T cells were transfected with Lip-
ofectamine 2000 (2.5 μl/1 μg cDNA) and Opti-MEM using two
concentrations of ADGRL3 constructs (200 or 600 ng), 600 ng
of reporter dual-glo SRE-luciferase/renilla plasmid (32), and
balancer pcDNA5/FRT to 1200 ng. After 24 h, cells were ali-
quoted into a 96-well black/white isoplate (PerkinElmer Life
Sciences) in technical replicates at 80 μl/well. Lysis buffer
(40 μl/well) containing D-luciferin (NanoLight Technologies)
was prepared as previously described (33). After 10 min, firefly



Finding a cleaved tethered agonist–impaired ADGRL3 mutant
luciferase emission was read at 535 nm on a PHERAstar FS
microplate reader (BMG LABTECH). Renilla salts buffer
(60 μl/well) containing coelenterazine-h (NanoLight Tech-
nologies) was prepared as previously described (33). Renilla
luciferase emission was read at 475 nm after 10 min. Data were
normalized by dividing the 525 nm firefly emission by the
475 nm Renilla emission. Fold change was calculated by
dividing these normalized values by the empty vector control.

For assays using the ADGRL3-CTF-nluc constructs, the cell
media was exchanged to DMEM approximately 6 h after
transfection. After 24 h, the media was aspirated from the cells,
and each well was gently rinsed with Dulbecco’s phosphate-
buffered saline (DPBS). Cells were then mechanically de-
tached using 200 μl DPBS, and 60 μl of the resuspension was
distributed in triplicate to a 96-well black/white isoplate. Next,
30 μl of D-luciferin dissolved in the assay buffer was added to
each well for a final concentration of 2 mM. Emission was read
at 525 nm after 30 min incubation using a PHERAstar FS
microplate reader.

BRET assay

The experimental setup for this assay was described
previously (7). Briefly, HEKΔ7 cells were cotransfected with
receptor cDNA (200 ng), Gα (0 or 720 ng), Gβ1 (250 ng),
Gγ2-Venus (250 ng), membrane-anchored GRK3ct-Rluc8
(50 ng), and empty vector pCDNA5/FRT to 1470 ng. The
transfected cells were resuspended after 24 h, and 45 μl/well
was distributed into a 96-well OptiPlate black-white plate.
Cells were incubated for 10 min with 10 μl coelenterazine-h
(final 5 μM). Then, 45 μl/well of enterokinase (5.5 units)
was added to initiate receptor cleavage. Donor (Rluc8) and
acceptor (mVenus) emission were read using a PHERAstar
FS microplate reader at 485 nm and 525 nm, respectively.
The BRET signal was calculated as the ratio of light emitted
at 525 nm over that emitted at 485 nm. Enterokinase-
induced BRET was obtained by subtracting baseline BRET
(DPBS) for each condition.

Surface expression measurements using SNAPfast-tag

HEK293T cells were seeded at a density of 900,000 cells/well
in a 6-well plate. After 24 h, the cells were transfected using
FuGENE transfection reagent (8 μl/2 μg cDNA) and Opti-
MEM with SNAPfast-tagged receptor cDNA (2 μg). At 24 h
posttransfection, cells were incubated with 500 μl 1 μM
impermeant Janelia Fluor 646 dissolved in complete DMEM
for 30 min. The cells were washed 3 times with complete
DMEM and once with DPBS. Cells were then resuspended in
500 μl DPBS. The resuspension was added in technical repli-
cates to a 96-well OptiPlate black plate (PerkinElmer Life
Sciences) at a volume of 100 μl/well. Emission was read using a
PHERAstar FS microplate reader with the filter 640/680 at a
gain of 2000.

Immunoblot analysis

HEK293T cells were seeded in a 6-well plate at a density of
400,000 cells/ml. After 24 h, cells were transfected with
receptor cDNA (2 μg) using FuGENE transfection reagent
(8 μl/2 μg cDNA) and Opti-MEM. After 24 h, cells were placed
on ice and lysed with 500 μl RIPA buffer for 30 min. After lysis,
cells were detached and spun at 15,000g for 30 min at 4 �C to
pellet debris. Cells were then treated at 37 �C for 1 h with
PNGase F (New England Biolabs). Then, 60 μl of PNGase-
treated lysate was transferred to a 1.5 ml microcentrifuge
tube containing 60 μl 2X SDS Laemmli sample buffer (Sigma-
Aldrich). Proteins were then separated via SDS-PAGE (Mini-
PROTEAN TGX, 4–15%, Bio-Rad Laboratories, Inc). The gel
was then transferred to a PVDF membrane (Immobilon-P
Membrane, Merck Millipore Ltd) and placed in a 5% milk tris-
buffered saline with 0.1% tween-20 (TBS-T) solution for 1 h at
RT. The membrane was washed 5 × 5 min in TBS-T and
incubated at 4 �C overnight with 1� rabbit anti-FLAG antibody
(1:500, Thermo Fisher Scientific, PA1-984B). Following this
incubation, the membrane was washed 5 × 5 min in TBS-T
and then incubated for 1 h with 2� anti-rabbit HP antibody
(1:10,000, Thermo Fisher Scientific, Cat #31458). The mem-
brane was then washed 5 × 5 min with TBS-T and incubated
with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific). Bands were visualized using an
Azure Biosystems c600 Imaging System (Azure Biosystems
Inc).
Molecular modeling and MD simulations

The cryo-EM structure of human ADGRL3 in complex with
Gα13 protein (PDB 7SF7) (8) was used as the structural tem-
plate to build the homology model of the mouse ADGRL3/Gα13

complex with MODELLER (version 10.0) (34). The resulting
model with the lowest DOPE score was selected. Based on the
pKa prediction with PROPKA for the titratable residues, which
found the side chain (35) carboxyl group of Glu992 of ADGRL3
to have a pKa of 8.02, we protonated Glu992 to its neutral
form. The N-terminus of the tethered peptide of ADGRL3 was
neutrally capped with NH2-. To assemble the MD simulation
systems for both of the ADGRL3/Gα13 complexes (WT and
LP6’A/MP7’A mutant), the CHARMM-GUI server (36) was used
to embed each complex in a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayer with a water phase on both
sides. Na+ and Cl− were added to neutralize the system and to
reach a final concentration of 0.15 M. Each simulation system
includes �137,000 atoms and has equilibrated dimensions of
�101 × 101 × 131 Å3.

The MD simulations were carried out using NAMD 2.14
(37) with the CHARMM36 m force field for both protein and
POPC (31, 32), and the TIP3 model (38) for water. The NPγT
ensemble was used at constant temperature (310 K) main-
tained with Langevin dynamics and 1 atm constant pressure
achieved with the hybrid Nose–Hoover Langevin piston
method (39) on an anisotropic flexible periodic cell with a
constant-ratio constraint applied in the X − Y plane. Simula-
tions were performed with a cutoff of 12 Å for the nonbonded
interactions. The particle mesh Ewald method (40) was used to
evaluate long-range electrostatic effects. The systems were
initially minimized for 10,000 steps and then equilibrated with
J. Biol. Chem. (2022) 298(12) 102594 7
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restraints on the protein heavy atoms for 1875 ps. The time
step of 1 fs was used for the first 375 ps, which was then
increased to 2 fs for the rest of simulations. Another 30 ns
equilibrating simulation with restraints only on the protein
backbone atoms was performed afterward. All restraints on the
receptor were released in production runs. We collected six
WT and five mutant MD simulation trajectories starting from
different random number seeds, resulting in total simulation
lengths of 1893 and 1998 ns, respectively.

In-house python scripts and MD analysis (41) were used to
process the trajectories and calculate the geometric measures
shown in Figure 5. The distances of L/AP6’-F1092 and M/AP7’-
F995 are the minimum distances between the backbone heavy
atoms of residues P60 or P70 and the sidechain heavy atoms of
F995 or F1092.
Data availability

Data will be shared upon request. Contact the corre-
sponding author here: jaj2@cumc.columbia.edu.
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