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Identification of oleic acid as an endogenous ligand of GPR3
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Although GPR3 plays pivotal roles in both the nervous system and metabolic processes, such as cold-induced thermogenesis, its
endogenous ligand remains elusive. Here, by combining structural approach (including cryo-electron microscopy), mass
spectrometry analysis, and functional studies, we identify oleic acid (OA) as an endogenous ligand of GPR3. Our study reveals a
hydrophobic tunnel within GPR3 that connects the extracellular side of the receptor to the middle of plasma membrane, enabling
fatty acids to readily engage the receptor. Functional studies demonstrate that OA triggers downstream G signaling, whereas
lysophospholipids fail to activate the receptor. Moreover, our research reveals that cold stimulation induces the secretion of OA in
mice, subsequently activating G/cAMP/PKA signaling in brown adipose tissue. Notably, brown adipose tissues from Gpr3 knockout
mice do not respond to OA during cold stimulation, reinforcing the significance of GPR3 in this process. Finally, we propose a “born
to be activated and cold to enhance” model for GPR3 activation. Our study provides a starting framework for the understanding of

GPR3 signaling in cold-stimulated thermogenesis.

Cell Research (2024) 34:232-244; https://doi.org/10.1038/s41422-024-00932-5

INTRODUCTION

G-protein-coupled receptor 3 (GPR3) was an orphan receptor of
class A G-protein-coupled receptors (GPCRs), and it is closely
related to GPR6 and GPR12, all of which have a high level of
constitutive G, coupling activity."? Initially, sphingosine-1-
phosphate (S1P) and other lysophospholipids were proposed
as ligands of GPR3, GPR6 and GPR12 in ligand screening assays
using HEK293 cells in charcoal-stripped serum medium.? Later,
diphenyleneiodonium chloride (DPI) was indicated as an agonist
of GPR3 by a similar approach.* More recently, the nonpsy-
choactive phytocannabinoid cannabidiol was found to be an
inverse agonist for GPR3, GPR6 and GPR12."* Nevertheless, none
of these reports have presented definitive evidence to sub-
stantiate their claims, and some of them even conflict with one
another or cannot be replicated.”®” As a result, the ligand of
GPR3 remains elusive.

GPR3 was found to be largely expressed in neurons of various
brain regions® and shown to have an anti-proliferative effect in
cerebellar neuron,” promote neurite outgrowth' and be
important for neuronal cell survival,'" indicating a key role in
the nerve system. Furthermore, GPR3 has been identified as a
mediator of amyloid beta (AB) production,'® a hallmark of
Alzheimer's disease. Overexpression of GPR3 increases Af
secretion, whereas ablation of GPR3 decreases AR production.
In addition, GPR3 has been implicated in modulating emotional
behavior,” playing a role in neuropathic pain,'* and influencing
addiction."”

Beyond its involvement in the nervous system, GPR3 is also
associated with energy consumption and obesity. Notably, a

nearly 20-fold increase in GPR3 expression in interscapular brown
adipose tissue (iBAT) was observed following in vivo cold exposure
of wild-type (WT) mice, and Gpr3 knockout (KO) mice failed to
mount a thermogenic response.'” A recent study demonstrated
that lipolysis drives GPR3 to induce adipose thermogenesis upon
cold stimulation.'® The mRNA level of GPR3 in adipocytes soars
upon cold stimulation via lipolytic signal, resulting in a continuous
G, coupling and cAMP production, followed by rapid energy
expenditure and thermogenesis.'® These findings make GPR3 an
attractive target for metabolic disorders such as obesity and
diabetes.

The high level of constitutive G coupling activity of GPR3
remains a mystery. There are two potential explanations for this
constitutive activity. One possibility is that GPR3 is a “born to be
active” receptor, which implies that it possesses an active
conformation immediately after translation from mRNA, allowing
it to continually associate with G4 protein. This intrinsic activity is
seen in several orphan GPCRs. For example, GPR52 utilizes its
extracellular loop 2 (ECL2) as a built-in ligand to activate itself,'”
and GPR20 uses its N-terminal helix to activate the receptor.'® In
the context of the GPR3 thermogenesis study, the researchers
suggested that GPR3 might follow a similar mechanism for self-
activation.’® In the meantime, these previous studies do not
preclude the existence of an abundant supply of endogenous
ligand within cells to promptly bind and activate GPR3 as soon
as the receptor is translated from mRNA, in a term that we refer
to as “born to be activated”.

Given the potential of GPR3 in neurodegenerative diseases and
metabolic disorders, we sought to solve the structure of GPR3 in
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Fig. 1

Overall structure of GPR3/G; complex. a Orthogonal views of the cryo-EM density map of the GPR3/G; complex. Left panel, top view;

right panel, side view. “?” marks unknown ligand. PAL palmitic acid, CHS cholesteryl hemisuccinate. b Model of the complex in the same view

and color scheme as shown in a.

complex with Gy protein by cryo-electron microscopy (cryo-EM).
Our study uncovers an endogenous ligand density in the ligand-
binding pocket of GPR3. Combining mass spectrometry (MS)
analysis and functional assays, we identify oleic acid (OA) (FA 18:1
n-9; n-9 means double bond at the 9th carbon position, C9) as a
ligand of GPR3, and reveal key determinants of GPR3 ligand bind-
ing. Furthermore, we provide evidence that cold stimulates the
secretion of OA to activate GPR3 in mice, and the activation is
abolished when Gpr3 gene is knocked out, filling the missing
knowledge gap between cold-induced lipolysis and
thermogenesis.

RESULTS

The constitutive activity of GPR3

We first assessed the constitutive activity of GPR3 in a
conventional GPCR reporter assay. The data showed that GPR3
exhibited a significantly high level of constitutive activity in the
cAMP response element (CRE) reporter assay (Gs signaling), but
not in the serum response element (SRE, G; signaling), serum
response factor response element (SRF-RE, G;,/13 signaling) and
nuclear factor of activated T-cell response element (NFAT-RE, G,
signaling) receptor assays'® (Supplementary information,
Fig. S1a). This suggests that GPR3 exclusively activates G
signaling pathway, aligning with the previous research.” Next,
we investigated whether GPR3 follows the self-tethering peptide
activation model. This model has been observed in protease-
activated receptors (PARs)*®?' and adhesion receptors
(aGPCRs),? where a cleaved peptide of the extracellular side
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of receptor dips back into the ligand-binding pocket of the
receptor and activates it. To explore this, we conducted
N-terminal deletions of GPR3 and assessed the activity of these
truncated constructs through CRE reporter and cAMP assays. We
observed that the N-terminal deletions of GPR3 (up to residue
36) did not diminish its constitutive G, signaling of GPR3
(Supplementary information, Fig. S1b, c; protein expression level
shown in Supplementary information, Fig. S4d). To explore the
possibility of an endogenous ligand within the GPR3 pocket, we
proceeded with structural determination.

The overall architecture of GPR3/G; complex

We expressed full-length GPR3 (Supplementary information,
Fig. S1d) along with a Gas harboring two dominant negative
mutations®® (G226A and A3665), as well as GB; and Gy, in
Spodoptera frugiperda (5f9) insect cells (see Materials and Methods
for details). We purified the proteins by a conventional membrane
protein purification method of our lab** and we included Nb35
during purification to facilitate formation of a stable GPR3/G,
complex®® (Supplementary information, Fig. Ste).

Using cryo-EM single particle analysis, we solved the GPR3/G,
complex at a global resolution of 2.79 A by the gold standard of
Fourier Shell Correlation (FSC)=0.143 criterion (Supplementary
information, Fig. S2 and Table S1). The receptor side has a high-
quality electron density map allowing unambiguous assignment
of almost the whole receptor except the first 36 N-terminal
residues, residues 232-240 of the intracellular loop 3 (ICL3)
and residues after 311 at the C-terminus due to their
high flexibility. The overall structure of GPR3/Gs, complex

SPRINGER NATURE

233



Y. Xiong et al.

a Intens-1 Buffer —m/z2552 FA16:0
6 —m/z281.2 FA18:1
Y —m/z283.3 FA18:0
= 4 m/z 287.3 [D4] FA 180
5]
0 —_— — : : .
. 4 5 6 7 8 9 Time [min]
@ Int .
~ ~) \‘) ”ngss GPR3 —m/z255.2 FA 16:0
(i —_ 397/ 6 1 —m/z281.2 FA18:1
= B L. Extract | CMS o 41 —m/z283.3 FA18:0
e - = m/z 287.3 [D4] FA 18:0
5/'/\"‘5 ”" 7 ‘\/ ‘// ‘ 2
o & T : /
V7 &) 4 5 6 7 8 9 Time [min]
U)o\ Intens. ]
( ( Q) x105] s1RP1 —m/z255.2 FA16:0
6 1 —m/z2812 FA18:1
2 4 —m/z283.3 FA 18:0
=, m/z 287.3 [D4] FA 18:0
9§ IV S S
4 5 6 7 8 9 Time [min]
(0]
b Fatg1  C d FA18:1(n9) ~ ~ ~
0.8 *kk
E Inte[rl/s.] ] nOF
2 0.6- 100 ] n-of | 262.18
E 0.4- 80 - 23221 386.31
= o
. 60 | PBFA 18:1
= 0.2 40 ] 404.31 g
P B e, B 20 1 "o ""Fo
Buffer Sample o \ 204-|18 X ??0-21
(N=3) 100 200 300 400 500 m/z

Fig. 2 MS identifies OA as a ligand of GPR3. a Scheme of the MS approach for identification of OA as a ligand of GPR3. Extracted ion
chromatogram of the detected FAs, including FA 16:0 (green), FA 18:1 (purple), FA 18:0 (blue), and [D4] FA 18:0 (orange). b Relative intensities
of the detected FA 18:1 in sample and buffer. ¢ Relative composition of C=C location isomers in FA 18:1. d 2-Acpy PB-MS/MS spectrum of FA

18:1. Upper panel, chemical structure of FA 18:1 (n-9).

resembles most GPCR/G-protein complexes in which the
G-protein engages the receptor intracellularly via its Ga subunit
(Fig. 1). Notably, the orthosteric ligand-binding pocket is widely
open on the extracellular side with a slim worm-like unknown
electron density visible from the top view (Figs. 1a, left panel and
2a). Additionally, two distinct lipid densities are present at the
intracellular half of the transmembrane domain on a groove
formed by transmembrane helices (TMs) 4, 3, and 5 (Fig. 1a, right
panel; Supplementary information, Fig. S3a, b). Based on their
resemblance to palmitic acid (PAL) and cholesteryl hemisuccinate
(CHS) in a similar grooves of other class A GPCRs, for instance,
cannabinoid receptor 2 (CB2; PDB: 6pt0),*® formyl peptide
receptor 2 (FPR2; PDB: 6omm),?’ growth hormone-releasing
hormone receptor?® (GHRHR; PDB: 7cz5), and S1P receptor 1%°
(S1PR1; PDB: 7evz), we assigned these densities to PAL and CHS,
respectively. The key question is the identity of the
unknown density in the orthosteric pocket (Figs. 1a, left
panel and 2a).

Identification of OA as a ligand of GPR3

We first examined whether this slim worm-like density corre-
sponds to the N-terminal peptide of GPR3. The density of the
unknown ligand is of high quality; however, we could not identify
any side-chain information from the density map (Figs. 2a and 3b),
ruling out the tethered peptide ligand theory. From structural
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viewpoint, the slim worm-like density is highly reminiscent of a
lipid molecule. We therefore used MS to identify the lipid
components of our GPR3/G, complex. Lipids in the complex were
extracted by a modified methyl tert-butyl ether method®® and
subjected to liquid chromatography mass spectrometry (LC-MS)
analysis. To ensure that the lipid signal observed in the LC-MS
analysis is specifically from the GPR3 complex and is not due to
the high levels of fatty acids (FAs) in the Sf9 cells used for complex
expression, we conducted a parallel expression and purification of
both the GPR3/G; complex and the STPR1/G; complex. Specifically,
the STPR1/G; and GPR3/G; complexes were expressed in the same
Sf9 cells at the same time and purified simultaneously. Subse-
quently, lipid extraction and LC-MS analysis were performed on
both complexes at the same time, ensuring a direct and
simultaneous comparison of their lipid components. Remarkably,
the ion signal of FA 18:1 (detected m/z: 281.2485; theoretical m/z:
281.2486) in the GPR3/G, complex was significantly higher than
that in the S1PR1/G; complex and substantially higher than that in
the buffer control (Fig. 2a, right panel; Supplementary information,
Fig. S3h), suggesting its involvement in the complex. Besides mass
measurements, the location of carbon-carbon double bond (C=C)
in FA 18:1 was determined via the Paterno-Biichi (PB) derivatiza-
tion and tandem MS (PB-MS/MS) (Fig. 2d). OA, having the C=C at
the n-9 location, was identified as the dominant component (92%)
(Fig. 2c). These findings strongly suggest that the lipid signal

Cell Research (2024) 34:232-244
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test. e OA dose-response curve of stably expressed GPR3 mutants. Data are presented as means + SEM; n = 3 independent samples. OA was
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detected in the GPR3/G, complex corresponds to OA, confirming
the specificity of the OA signal in the GPR3 complex.

Ligand-binding pocket of GPR3

Based on the above MS analysis, we modeled OA into the cryo-EM
electron density in the pocket. OA fits the density well (Fig. 3a, b).
The ligand-binding pocket is formed by the extracellular side of TMs
2,3, 5,6 and 7. A hydrophobicity analysis showed that the ligand-
binding pocket is highly hydrophobic, matching well with the
hydrophobic acyl chain of OA ( Supplementa mformation, Fig. S3c).
The hydrophobic residues L93%*7, V18752, 128373° 11163
F263°°', F120°°, W260°*%, A117%3% L195°%°, L198°% 1124340
and F202°% (superscripts refer to the Ballesteros-Weinstein
numbering®") (Fig. 3b) form a hydrophobic tunnel which penetrates

Cell Research (2024) 34:232-244

the receptor from the extracellular side to the middle of lipid bilayer
on the TM4, TM5 side at an angle of 45°. The tunnel is clearly visible
from the top of the receptor (Supplementary information, Fig. S3d,
e). Specifically, hydrophobic residues L116%32 A117333, F120%3¢,
L1983, T1213%7 and A201°* make close contacts with the acyl
chain of OA (Fig. 3c). The top of the pocket exhibits slight
hydrophilicity, with two polar residues, Y28073° and H96%°°,
situated at the extracellular entry of the pocket, facing the carboxyl
group of OA (Fig. 3b). We also observed densities of two water
molecules on the entry of the pocket, which connect Y28073° and
H96%%° to the carboxyl group of OA. When aligning the sequences
of essential residues within the ligand-binding pocket, it becomes
evident that this pocket is conserved across GPR3, GPR6, and GPR12
(Supplementary information, Fig. S6d).

SPRINGER NATURE
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To validate our structural observations, we conducted muta-
genesis studies. Initially, we tested the ligand-binding pocket
mutants without adding any exogenous ligand, as OA is naturally
abundant in the cell culture media. Remarkably, mutations of
Y280A73¢ and H96A*%° both resulted in a significant decrease in
receptor activity in the cAMP assay (Fig. 3d). Moreover, double
mutations of Y280A73¢/H96A%%° completely abolished the recep-
tor activity in the cAMP assay, underscoring the crucial anchoring
role of these polar residues in locking the ligand within the pocket.
Likewise, we examined mutants of the hydrophobic tunnel,
namely F120A335, W260A%*8, 1283F7>°, and A201W>*. All of
these mutations substantially decreased receptor activity in the
cAMP assay (Fig. 3d). In addition, mutants of other hydrophobic
residues, such as V113F, L93F, 1124F and V187F, also exhibited a
decrease of receptor activity (Supplementary information, Fig. S6a).
Notably, the W260A%*® mutation caused a total abolition of
receptor activity, highlighting the critical role of the Toggle Switch
in receptor activation. Interestingly, residue A201°“® is located at
the end of the tunnel, directly connecting to the membrane lipid
bilayer. The A201W>“* mutation severely impaired receptor
activation, suggesting that a lipid ligand may utilize A201 as a
lateral entry point to bind the receptor (Fig. 3b). Of note, all
mutants were expressed at a similar level to the WT receptor
(Supplementary information, Fig. S4a).

To assess the responses of these mutants to exogenously added
OA, we introduced OA at different doses into the medium of cells
transiently transfected with the mutants. However, due to the
high level of endogenous FAs, including OA, and the hypersensi-
tivity of transiently transfected receptors, we encountered
difficulties in obtaining reproducible dose-response data for these
mutants with OA. To address this issue, we established AD293 cell
lines that stably expressed each mutant. To ensure impartiality, we
screened 24 colonies for each mutant and selected the colony
with the highest expression level and maximal response to OA as
the representative colony for that mutant (see Materials and
Methods for details). The data obtained from these stable cell lines
revealed that although the variation in ECs, values was small, all
mutants F120A%3°, W260A°%*%, 1283F°, A201W>*®, Y280A”°,
H96A>®° and H96A%°°/Y280A73° exhibited a lower E,,, than the
WT receptor. Particularly, F120A>3*® and W260A%* mutants
completely lost their response to OA (Fig. 3e; Supplementary
information, Table S3), which is consistent with the data obtained
from transiently transfected mutants for endogenous ligand
response. The majority of stably expressed GPR3 mutants showed
similar expression levels, while W260A%“® and H96A>°/Y280A7-3¢
mutants exhibited relatively lower expression levels (Supplemen-
tary information, Fig. S4c). In a titration experiment, we demon-
strated that the WT receptor expressed at the same level as the
W260A%*® and H96A>%°/Y280A73¢ mutants did not exhibit the
altered activity (Supplementary information, Fig. S4b), indicating
that the lack of receptor activity in these mutants is intrinsic to
their nature and not influenced by the expression levels.

To further validate the position of OA in the ligand-binding
pocket, we employed molecular dynamics (MD) simulations. We
conducted triplicate runs with a duration of 200ns each.
Remarkably, within just a few picoseconds after the start of the
simulation, OA rapidly stabilized within the ligand-binding
pocket. Although the head and tail of OA exhibited fluctuations
during the simulation, the overall position of OA remained
similar to its initial pose in the cryo-EM structure (Supplementary
information, Fig. S3f and Video S1). In addition to MD
simulations, we utilized molecular docking to investigate the
position of OA in the ligand-binding pocket. The results revealed
that the top 5 scored poses from the docking simulations closely
resembled the initial pose of OA in the cryo-EM structure
(Supplementary information, Fig. S3g). This finding once again
suggests that the position of OA within the ligand-binding
pocket is energetically favorable.

SPRINGER NATURE

Ligand specificity of GPR3

OA is an abundant free fatty acid (FFA) in cells, and other common
FFAs include stearic acid (STE), PAL and lauric acid (LAU). They all
have a similar single acyl chain and differ from each other only by
length of acyl chain or number of double bond;*? for instance,
there is only one double bond difference between OA (FA 18:1, n-
9) and STE (FA 18:0) (Supplementary information, Fig. S5a). In
addition, lysophospholipids are also one acyl chain lipids but with
a highly negatively charged head, and many lysophospholipids
serve as signaling molecules through binding of GPCRs.>* Some of
lysophospholipids, such as S1P and lysophosphatidic acid (LPA),
have been proposed as ligands of GPR3.' We therefore assessed
the ligand specificity of GPR3.

In the past, one major challenge in identifying the ligand for
GPR3 is inconstancy of functional assays which generated a mixed
signal of GPR3 activation.*® The lack of reproducibility in these
assays might be attributed to the interference from endogenous
lipids or the variations in GPR3 expression level. To overcome this
obstacle, as mentioned above, we developed an AD293 cell line
that stably expresses GPR3 (Supplementary information, Fig. S5d)
along with a GloSensor of cAMP (details see Materials and
Methods). This AD293 cell line exhibited a robust response to OA
stimulation (Fig. 4b), which demonstrated excellent reproduci-
bility, allowing us to conduct a systematic analysis of GPR3's
ligand specificity. Upon stimulation with OA (FA 18:1), the
GPR3 stably expressing cell line displayed a typical dose-
dependent induction of cAMP, which reached the highest level
at a concentration of 450 uM (Fig. 4a, b for activity; Supplementary
information, Fig. S5a for chemical structure). STE (FA 18:0), only
one double bond difference from OA, only had about 1/3 of the
Emax Of OA. PAL (FA 16:0), two carbons shorter than OA, had a
slightly lower E, .« than OA. Intriguingly, palmitoleic acid (PML, FA
16:1), with one additional double bond compared to PAL, had only
half of the E,ax of PAL. Oleamide (OLM, 18:1), differing from OA
only by an amine group at the head, displayed only half of the
Emax Of OA. Similarly, oleoylethanolamide (OEA, 18:1), which has
one ethanolamine modification at the head of OA, exhibited only
half of the E,ax of OA. Surprisingly, LAU (FA 12:0), which contains
only 12 carbons in the acyl chain, showed a higher E .« than OA.
In contrast, behenic acid (BEH, FA 22:0), which has a longer acyl
chain tail, showed no activity at all. Linoleic acid (LIN, FA 18:2),
differing from OA by only one additional double bond, exhibited
no activity in the cAMP assay. Furthermore, we observed that a
methyl or ethyl modification of STE (methyl stearate (MES), FAME
18:0; ethyl stearate (ETS), FAEE 18:0) completely abolished
receptor activation in the cAMP assay (Fig. 4a for activity;
Supplementary information, Fig. S5a for chemical structure).

Since the ligand-binding pockets of GPR3, GPR6 and GPR12 are
conserved, we tested whether GPR6 and GPR12 have similar
responses to FFAs. For this purpose, we established AD293 cell
lines that stably express GPR6 or GPR12. The cAMP assay showed
that GPR6 and GPR12 could also be activated by a subset of FFAs
but with different fingerprints; namely, PML (FA 16:1) and LAU (FA
12:0) strongly activated GPR6, while OA showed a strongest effect
on GPR12 activation (Supplementary information, Fig. Sée, f).

Despite having similar acyl tails, none of the lysophospholipids
that we tested exhibited cAMP induction activity in our GPR3
stably expressing AD293 cell line. This includes LPA (16:0, 17:0,
18:0, 18:1), LPS (18:0), LPC (14:0, 16:0), and S1P (Fig. 4a for activity;
Supplementary information, Fig. S5a for chemical structure).
Additionally, leukotriene B4 (LTB4) also failed to activate GPR3 in
the cAMP assay. We next compared the dose-response and ECs, of
lipids that did activate GPR3 (Fig. 4b; Supplementary information,
Fig. S5b and Table S2). The data showed that OA had a similar ECs,
of 300 uM to other tested lipids, which is in the middle range of
the reported human plasma OA concentration (0.03-3.2 mM).3*
We also examined a synthesized GPR3 agonist, DPL* In spite of a
higher Eax, DPI showed a similar ECs, (314.8 uM) to OA (Fig. 4c).

Cell Research (2024) 34:232-244
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cAMP assay. The main panel, maximum response of various lipids. The right upper panel, ECs, of lipid ligands that activate GPR3. Data are
presented as means + SEM; n = 3 independent samples. Maximum response for FA 12:0, 16:1, 18:0, OEA 18:1, OLM 18:1 at 500 pM; FA 18:1 at
450 pM; FA 16:0 at 400 pM; FA 22:0, 18:2 at 300 uM, FAME 18:0, FAEE 18:0 and all lysophospholipids at 100 pM; LTB4 at 3 pM. Data are presented
as means + SEM; n = 3 independent samples; n.s. not significant; *P < 0.05; **P < 0.01; ***P < 0.001. Two-sided t-test. b-d Dose-response curves
of OA (b), DPI (c) and AF64394 (d) in a GPR3 stably expressing AD293 cell line by the GloSensor cAMP assay. Data are presented as
means = SEM; n = 3 independent samples. OA concentration was fixed at 300 uM. The R values for curve fit are 0.9778 (b), 0.937 (c), and 0.9077

(d), respectively.

Conversely, AF64394, a synthetic antagonist of GPR3,>> strongly
inhibited OA-induced receptor activation with an ICsq of 0.171 pM
(Fig. 4d). Molecular docking revealed that both DPI and AF6394
can effectively fit within the ligand-binding pocket of GPR3
(Supplementary information, Fig. S6b, c).

Structural basis of ligand specificity

We next investigated the structural basis of ligand specificity of
GPR3. Despite having similar long acyl tails to FFAs, lysopho-
spholipids failed to induce cAMP activation in the GPR3 stably
expressing AD293 cell line. This suggests that the head of
lysophospholipids engage the receptor differently. A comparison
of OA-bound GPR3 with S1P-bound S1PR1,>® LPA-bound LPAR1?’
and LTB4-bound Leukotriene B4 receptor 13® (BLT1) showed that
while the hydrophobic tails occupy similar positions of the
receptor, the binding modes of the polar head group are largely
different (Fig. 5a). The phosphate head groups of both S1P and
LPA carry a strong negative charge, fitting well with the positively
charged upper region of the ligand-binding pocket of their
receptors (Fig. 5b). The head of LTB4 is less negatively charged
(absence of phosphate group); however, two hydroxyl groups at
C5 and C12 positions make the middle ridge of LTB4 slightly
negatively charged, which matches with the slightly positively
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charged upper region of the ligand-binding pocket of BLT1. In
contrast, the ligand-binding pocket of GPR3 is almost completely
neutral (Fig. 5b). The difference in electrostatic distribution
between lysophospholipid receptors and GPR3 indicates that
charged lipids (e.g., STP, LPA, and LTB4) are not compatible with
the ligand-binding pocket of GPR3.

Upon closer examination of the interactions between ligands
and receptors, we noted that in STPR1 and LPAR1, the phosphate
head group of the ligand engages in polar interactions with crucial
tyrosine and lysine residues located in the N-terminal cap
alongside an arginine at position 3.28.3%%” In addition, several
other polar residues within the ligand-binding pocket also
participate in the interactions (Fig. 5c). In BLT1, a hydrogen-
bond network connects key polar residues, water molecules and
ligand together®® (Fig. 5¢). In contrast, there is no direct polar
interaction between the carboxyl group of OA and GPR3, and only
two water molecules connect the carboxyl head of OA to H96 and
Y280 (Fig. 5¢). Collectively, the above analyses suggest that a
charged pocket and a network of polar interactions are essential
for the engagement of highly charged lipids, such as S1P, LPA and
LTB4, to their receptors. Conversely, highly charged lipids are not
GPR3 ligands due to the complete hydrophobicity of the ligand-
binding pocket of GPR3.
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Fig. 5 Comparison of receptor binding mode of OA with those of LPA, STP and LTB4. a Superimposition of OA with LPA (PDB: 7td0), S1P
(PDB: 7wf7) and LTB4 (PDB: 7vkt) in GPR3. b Electrostatic analysis of ligand-binding pocket of STPR1, LPAR1, BLT1 and GPR3. Blue color
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d Measurement of the hydrophobic tunnel of GPR3. The receptor was drawn in hydrophobic surface mode in Chimera. The yellow color

indicates hydrophobicity and the blue color indicates hydrophilicity.

We then investigated the structural basis of FFA selectivity. OA’s
18-carbon acyl chain fits snugly in the ~21 A long hydrophobic
tunnel in the ligand-binding pocket (Fig. 5d). The minimal-length
acyl chain we tested that can fully activate GPR3 is LAU with 12
carbons. The 15A long LAU acyl chain fits well within the
hydrophobic tunnel (Fig. 5d), and docking simulations of LAU into
the ligand-binding pocket of GPR3 suggest that its acyl tail utilizes
most hydrophobic residues in the tunnel to activate the receptor,
including W260%%, the sensor of lipid ligand binding (Supple-
mentary information, Fig. S5c). Calculating from the length of the
hydrophobic channel (~21.8A) (Supplementary information,
Fig. S3d), the maximal-length FA that can fit in the tunnel is 18-
carbon acyl chain (~21A) (Fig. 5d). In support of this, the 22-
carbon BEH (FA 22:0) failed to activate the receptor (Fig. 4a).
Similarly, ETS (FAEE 18:0) and MES (FAME 18:0), which have only
an ethyl or a methyl group added to the carboxyl head of STE,
respectively (Supplementary information, Fig. S5a), also failed to
activate the receptor (Fig. 4a). Surprisingly, LIN (FA 18:2, n-9,12),
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with only one additional double bond at C12 position compared
to OA (FA 18:1, n-9), also failed to activate the receptor, suggesting
that the hydrophobic tunnel in the pocket cannot accommodate
the bending of the acyl chain caused by two double bonds.
Intriguingly, PML (FA 16:1, n-9), which differs from PAL (FA 16:0) by
only one double bond at position C9, substantially decreased
receptor activation compared to PAL. This may be due to the
greater restrictive effect of the double bond on the shorter 16-
carbon acyl chain of PML than on the longer 18-carbon acyl
chain of OA.

The activation of GPR3 by OA via cold stimulation

The previous adipocyte thermogenic study suggested that cold
stimulates lipolytic signals to induce GPR3 expression through a
transcriptional program.'® We asked whether cold stimulates the
secretion of lipid molecules, particularly certain FFAs, to directly
activate GPR3. For this purpose, we divided mice into two groups,
one group kept at room temperature (RT) and the other group
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Fig. 6 OA activates the G;/cAMP/PKA signaling through GPR3 in brown adipose tissue. a Scheme of RT/cold treatment and LC-MS analysis
procedure. b LC-MS analysis of serum FAs in mice with acute cold stimulation (6 h) (n = 5 per group). ¢, d p-PKA substrate and GAPDH levels in
iBAT of mice with acute cold stimulation (6 h) were measured by immunoblotting and quantified by densitometry using ImageJ (n =4 per
group). e-h iBAT was isolated from C57BL/6 mice at 4-6 weeks old and cut into 10 mg pieces. 10 mg iBAT was further cut into 4 pieces. iBAT
pieces were incubated at 37 °C or 4 °C in DMEM medium, and treated with OA (1 mM) for different times (0 h, 1 h, 2 h and 4 h). p-PKA substrate
and GAPDH levels were measured by immunoblotting (e, f), and quantified by densitometry using ImageJ (g, h) (n=3-4 per group).
i, j Another group of iBAT pieces were incubated at 37 °C or 4 °C in DMEM medium, and treated with different doses of OA (0 mM, 1 mM,
5 mM) for 4 h. p-PKA substrate and GAPDH levels were measured by immunoblotting, and quantified by densitometry using ImageJ (n = 3 per
group). k Gpr3 mRNA levels were measured in the iBATs of WT and Gpr3 KO mice at 7 weeks old (n = 4 per group). I-o iBATs were isolated from
WT and Gpr3 KO mice at 4-6 weeks old and cut into 10 mg pieces. 10 mg iBAT was further cut into four pieces. iBAT pieces were incubated at
37°C or 4°C in DMEM medium, and treated with or without OA (1 mM) for 4 h. p-PKA substrate and GAPDH levels were measured by
immunoblotting, and quantified by densitometry using ImageJ (n =4 per group). Data are presented as means + SEM. n = 3-5 independent
samples. Student’s t-test was used to compare the differences between two groups. The differences between three groups were examined
using one-way ANOVA and LSD t-test. *P < 0.05. **P < 0.01.

exposed to cold at 4 °C for 6 h. Then we collected blood samples
from both groups and extracted lipids from the serum, and then
performed an LC-MS analysis of the lipid component (Fig. 6a). The
results showed that the cold stimulation significantly increased
the levels of OA (FA 18:1), LIN (FA 18:2), LAU (FA 12:0), PAL (FA
16:0) and PML (FA 16:1), compared to the samples from mice kept
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at RT (Fig. 6b). Most interestingly, OA and LAU exhibited the
highest E,.x in our GPR3 activation study (Fig. 4a). Of note, the
level of LAU is two magnitudes less than that of OA, which
explains why only OA was detected in the initial GPR3/G; complex
in the MS analysis. In contrast, STE (FA 18:0) from cold-stimulated
mouse serum did not show an increase over RT samples. These

SPRINGER NATURE

239



Y. Xiong et al.

240

OA

Fig.7 A “born to be activated and cold to enhance” model for GPR3 activation. The worm-like shapes represent FAs existing in cytoplasma,

membrane or extracellular medium of cells.

findings indicate that cold stimulation strongly induces the
secretion of OA, which is capable of activating GPR3.

In conjunction with the induction of OA after cold stimulation,
the Gy/cAMP/PKA signaling pathway (as measured by the total
phosphorylation of PKA substrates using western blot) in iBAT from
mice exposed to cold at 4 °C for 6 h was markedly activated (Fig.
6¢, d). We next asked whether cold-induced OA can activate G,/
cAMP/PKA pathway in a physiological setting. We added OA to
iBAT isolated from 6-week-old mice at 4°C and examined the
overall phosphorylation of PKA substrates, a hallmark of G;/cAMP/
PKA signaling. Remarkably, we observed a robust increase of Gy/
cAMP/PKA signaling in response to OA stimulation in a time- and
dose-dependent manner (Fig. 6f, h-j). In contrast, we also
observed an increase of Gy/cAMP/PKA signaling in iBAT of mice
treated at 37 °C, but to a lesser extent than in the samples treated
at 4°C (Fig. 6e, g, i, j). To test the specificity of OA, we added STE
(FA 18:0) and LIN (FA 18:2) to the iBAT of WT mice at 4°C.
However, neither STE nor LIN induced G,/cAMP/PKA signaling
(Supplementary information, Fig. S7a), while OA strongly induced
phosphorylation of PKA substrate, consistent with our previous
observation that STE had a weak activity and LIN had almost no
activity on GPR3 (Fig. 4a).

We then asked whether the enhancement of Gy/cAMP/PKA
signaling via OA at the cold condition is mediated by GPR3. For this
purpose, we generated Gpr3 KO mice (Fig. 6k) (see Materials and
Methods for details) and compared the Gy/cAMP/PKA signaling in
WT iBAT with that in Gpr3 KO iBAT. As expected, OA substantially
increased G;/cAMP/PKA signaling in WT iBAT, whereas the induction
of G;/cAMP/PKA signaling by OA was completely blocked in Gpr3 KO
iBAT (Fig. 6l-0). We also tested whether cold induces an increase of
OA level in Gpr3 KO mice, and the LC-MS analysis showed that the
KO of Gpr3 gene in mice does not affect OA secretion under cold
stimulation (Supplementary information, Fig. S7b). Collectively, these
data demonstrated that OA activates the Gy/cAMP/PKA signaling
through GPR3 in iBAT under cold stimulation.
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A “born to be activated and cold to enhance” model for GPR3
activation

The autonomous activation of GPR3 has long been a perplexing
enigma in the field. The structural information of OA-bound GPR3
enables us to solve the riddle. The ligand-binding pocket of GPR3
is widely open at the extracellular side (Fig. 1a), and it is connected
to a hydrophobic tunnel that extends from the extracellular region
to the middle of the lipid membrane at the TM4, TM5 side
(Supplementary information, Fig. S3c-e). Interestingly, Alpha-
Fold2% prediction of apo GPR3 also reveals the presence of a
similar tunnel (Supplementary information, Fig. S8a, b), suggesting
that the tunnel is an inherent characteristic of GPR3. The presence
of this two-ended open hydrophobic tunnel allows FFAs, like OA,
to bind and interact with the receptor either from the extracellular
side (orthodox entry) or the membrane side (lateral entry), as FFAs
are major constituents of the lipid bilayer of the membrane.***'
Considering that OA, along with other FFAs, are abundant in cells,
we propose that GPR3 is a “born to be activated” receptor. Shortly
after translation from mRNA by ribosomes, GPR3 can readily bind
OA from either the cytoplasm or the membrane, thus becoming
activated at the plasma membrane (Fig. 7). Moreover, since FFAs
are also abundant in the extracellular medium of cells, such as in
the bloodstream, GPR3 can be activated after being transferred to
the plasma membrane (Fig. 7). Furthermore, in cells involved in
energy expenditure and metabolic process, for instance, the
thermogenic adipocytes, cold stimulates the lipolysis process to
generate a large amount of OA (up to 3.2 mM), LAU et cetera,
which in turn are secreted to the extracellular side of cells3***~**
In this scenario, OA, as a major component of the secreted lipolytic
signals, binds to and activates the membrane-embedded GPR3
(Fig. 7). Based on this, we propose a “born to be activated and cold
to enhance” model for GPR3 activation. In this model, GPR3 is
intrinsically predisposed to bind and be activated by the abundant
FFAs within cells, and this activation is further amplified by the
cold-stimulated secretion of OA.
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DISCUSSION

In this study, we identified OA as an endogenous ligand of GPR3.
Although the observed ECs, of 300 uM for OA may seem relatively
high, it is noteworthy that the normal range of plasma OA
concentration in humans varies from 0.03mM to 3.2 mM3*
Moreover, the typical plasma FFA concentration is 0.2-1.5 mM.
The concentration of FFAs in blood can vary depending on various
factors such as the individual’s metabolic state, diet, and physical
activity level. During times of increased lipolysis (the breakdown of
fat for energy), such as exercise, cold stimulation or fasting, the
concentration of FFAs in blood can increase substantially.**** In
some pathological conditions such as diabetes or obesity, the
concentration of FFAs in blood may also be elevated.***
Considering that the ECso of 300 uM for OA falls within the
middle range of plasma OA concentration (0.03-3.2 mM), we
elucidated how GPR3 can sensitively respond to increased OA
signals during cold stimulation (Fig. 6b) and effectively trigger the
G,/cAMP/PKA signaling to initiate thermogenesis (Fig. 6¢). Further-
more, recent research on GPR120 revealed that the ECs, values of
OA and LIN for GPR120 are 40.6 uM and 57.4 uM, respectively,*
indicating that certain receptors can indeed be activated by FAs at
submillimolar concentrations.

The highly constitutive G coupling activity of GPR3 in
thermogenic adipocytes is a desirable trait for energy expenditure
and metabolic regulation, especially in the context of obesity and
other metabolic disorders. Although the precise mechanisms
underlying how lipolytic signals induce GPR3 expression remain
unclear, our data demonstrate that cold stimulation in mice leads
to a significant release of OA into the bloodstream (serum). Then,
OA acts as a ligand to activate GPR3, resulting in robust G;/cAMP/
PKA signaling that drives thermogenesis. In contrast to saturated
STE, OA has been known to exert beneficial effects on health for
quite some time. For instance, feeding rats with OA induces
thermogenesis and reduces body weight,*®*” though the under-
lying mechanism was previously unknown. Our data have now
directly connected OA to GPR3 activation and thermogenesis,
providing insights into this long-standing puzzle. Furthermore,
previous GPR3 thermogenesis study suggesting that the highly
abundant endogenous ligand in cells could be the ligand of
GPR3'® is compatible with our finding.

Taken together, we identify OA as an endogenous ligand of
GPR3, shed light on the ligand recognition mechanism of GPR3,
provide compelling evidence that cold stimulates the secretion of
OA as the ligand to activate GPR3 in mice and propose a “born to
be activated and cold to enhance” model for GPR3 activation.
These structural and biological information revealed by our study
serves as a starting point for the understanding of the constitutive
signaling of GPR3 in cold-driven thermogenesis.

MATERIALS AND METHODS

Constructs

Full-length GPR3 was code-optimized and subcloned into pFastBac and
fused with the large part of NanoBiT (LgBi'I'),48 followed by a tobacco etch
virus (TEV) cleavage site and 2x maltose-binding protein (MBP) fusion tag.
The C-terminus of human Gf; was fused with a renovated high-affinity
small part of NanoBiT (HiBiT). A human Gas with two dominant negative
mutations (G226A and A366S) and a human Gy, were separately
subcloned into pFastBac.

Expression and purification of the complex

We used a similar expression and purification process as described
before.2* Briefly, baculovirus encoding GPR3-LgBiT-TEV-2x MBP, Gas, Gf31,
and Gy, proteins were co-infected into Sf9 cells. Two days later, cells were
collected and resuspended in a lysis buffer containing 20 mM HEPES, pH
7.5, 150 mM NaCl, 10 mM MgCl,, 20 mM KCI and 5 mM CaCl,. The mixture
was incubated for 90 min at RT with apyrase (0.5 mU/mL) and Nb35 (20 pg/
mL). Then, membrane was solubilized in buffer of 0.5% (w/v) lauryl maltose
neopentylglycol (LMNG; Anatrace) and 0.1% (w/v) CHS-Tris for 2 h at 4°C,
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followed by ultracentrifugation at 45,000 rpm at 4 °C for 45 min twice. The
supernatant was loaded on an amylose column for 2 h, flowed out, washed
with buffer solution containing 25 mM HEPES, pH 7.5, 150 mM NacCl and
0.01% LMNG/0.002% CHS, and eluted by the same wash buffer added with
10 mM maltose. After concentration and TEV cleavage overnight at 4 °C,
the complex protein was loaded onto a Superdex 200 Increase 10/300 GL
(GE Health Sciences) gel infiltration column pre-equilibrated with the
buffer of 25 mM HEPES, pH 7.5, 150 mM NaCl, 0.00075% (w/v) LMNG,
0.00025% glyco-diosgenin and 0.0002% CHS (w/v) (Anatrace). The complex
fractions were concentrated to 10 mg/mL and snap-frozen for grid
preparation.

Expression and purification of Nb35

As described before,>>*° briefly, BL21 cells expressing Nb35 were cultured
in TB media with 0.1% glucose, T mM MgCl, and 50 pg/mL ampicillin at 37
°C until OD600 reached 0.7. Then cells were induced by 1 mM IPTG, and
cultured at 28 °C for 4 h. The cells were harvested by centrifugation at
39,000rpm for 20 min, and the precipitate was lysed in TES buffer
containing 0.2 M Tris, pH 8.0, 0.5 mM EDTA and 0.5 M sucrose by stirring at
4°C for 3 h, followed by ultracentrifugation at 45,000 rpm at 4 °C for 45 min
twice. The supernatant was then incubated with nickel column for 2 h at
4°C, and washed with 20 column volumes of washing buffer (20 mM
HEPES, pH 7.5 and 150 mM NaCl) and again with high salt buffer (43 mM
NaH,PO4-H,0, 7mM NaH,PO, and 1 M NaCl, pH 6.0). Nb35 protein was
eluted by 10 column volumes of buffer containing 19 mM NaH,PO,4H,0,
38 mM NaH,PO,, 150 mM NaCl and 250 mM imidazole, pH 7.0. After being
concentrated, the protein was then loaded onto a Superdex 200 Increase
10/300 GL (GE Health Sciences) gel filtration column pre-equilibrated with
the buffer of 20 mM HEPES, pH 7.5, and 150 mM NaCl. The purified protein
was concentrated to 10 mg/mL, supplemented with 10% glycerol and
stored at —80 °C until use.

Grid preparation and cryo-EM data collection

A 3-5puL protein complex sample (~10 mg/mL) was applied to a glow-
charged quantifoil R1.2/1.3 Cu holey carbon grids (Quantifoil GmbH),
followed by vitrification in liquid ethane on a Vitrobot Mark IV (Thermo
Fisher Scientific) instrument at setting of blot force 10, blot time 5,
humidity 100%, temperature 4 °C. Grids with evenly distributed particles in
thin ice were loaded to a FEI 300 kV Titan Krios TEM with a Gatan Quantum
energy filter. Images were captured by a Gatan K2 Summit direct electron
detector with a super-resolution counting model at pixel size of 0.55A
(magnitude of 64,000x). The energy filter slit was set to 20 eV. Each image
contains 40 frames with a total exposure time of 7.3 s at a dose rate of 1.5
e/A?/s (total dose of 60 e/A?), nominal defocus value varying from —1.2 ym
to —2.2 ym.

Data processing

We use a similar pipeline for data processing as described before.
Briefly, 2397 raw movies were binned once (1.1 A) and motion-corrected
by MotionCor2,*° followed by CTF estimation via CTFFIND 4.1.°" About
1.3 x 10° particles were picked by crYOLO,*? followed by reference-free 2D
classification in RELION.>> About 644,000 particles of well-defined 2D
features were used for initial model generation (cryoSPARC54 ab initio) and
3D classification. The model was used as reference in RELION 3D
classification (~5 classes). The best class (~386,000) with clear secondary
structure features was selected for a 3D refinement in RELION, followed by
a Baysian polishing,>® a 3D refinement and a CTF refinement in RELION.
Then it was subjected to a second round 3D classification (3 classes) with
mask on the complex to yield a class of ~288,000 particles for final
refinement by the cryoSPARC Non-uniform Refinement, which generated a
map of 2.79 A, based on the gold standard FSC=0.143 criterion. Local
resolution estimations were performed using an implemented program in
cryoSPARC.

24,36

Model building

AlphaFold*® prediction of human GPR3 (AF-P46089-F1) and G protein
complex from M1R (PDB: 7f4d)* were used as initial models for model
rebuilding against the electron microscopy map. Models were docked into
the electron microscopy density map by UCSF Chimera®® and then
subjected to iterative manual adjustment in Coot,>” followed by a rosetta
cryoEM refinement’® and Phenix real space refinement.>® Structural figures
were prepared in UCSF Chimera, ChimeraX®® and PyMOL (https://
pymol.org/2/). Ligand-receptor interaction was plotted by the LigPlot.®’
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MD simulation

The close to the end cryo-EM structure of GPR3 (receptor only) was used as
initial model in the MD simulation. The ICL3 break (232-240) was filled with
5 alanine residues. The model was prepared and parameterized in
CHARMM-GUL.®? Protonation states of all titratable residues were assigned
at pH 7.0. Histidine was modeled as neutral. The GPR3 model was inserted
into a bilayer lipid containing POPC (palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) and cholesterol at ratio of 4:1, the membrane size is
65Ax65A with 225A water in the top and bottom (final system
dimensions: ~65 A x 65 A x 120 A). lon was set to 0.15M KCl. The Amber
force fields were set to: protein FF19SB, lipid LIPID17, water TIP3P and
ligand GAFF2. The simulations were performed by Amber20 package.®®
The system was first energy minimized for solvent and all atoms, heated to
300K in 300ps and then equilibrated for 700 ps, followed by three
independent production runs of 200 ns with a time step of 2fs. During
simulations, Particle mesh Ewald algorithm was applied for the calculation
of long-range electrostatic interaction and a cutoff of 10 A was applied for
short-range electrostatic interaction and van der Waals interactions. All
bonds with hydrogens were constrained by SHAKE algorithm. The system
temperature (300K) and pressure (1atm) were controlled by Langevin
thermostat and Berendsen barostat, respectively. The trajectories were
analyzed and visualized in VMD®* and video was recorded by VMD.

Molecular docking

The docking method is similar to the previous study.*® Briefly, the cryo-EM
structure of GPR3 (receptor only) including two water molecules was used
as the template. The model was prepared and minimized as before. OA
was placed in the ligand-binding pocket using the triangle matcher with
London docking score. Refinement was employed based on a rigid
receptor and GBVI/WSA docking scoring. The top-scored poses and
statistics were shown in Supplementary information, Fig. S3g.

MS analysis

The sample solution (100 L, ~1.5 mg/mL protein complex or buffer) was
added with [D4] FA 18:0 (2 uL, 1 mM) as the internal standard and was
placed in a 2-mL vial. It was later mixed with a solution of 1365 pL ice-cold
methyl tert-butyl ether/methanol/2M hydrochloric acid solution
(200:60:13, v/v/v) and vortexed for 1 min. Then, 250 uL of 0.1 M HCl was
added and vortexed for 5 min. After centrifugation (10,000 rpm, 5 min), the
upper phase of solution was obtained, dried under nitrogen flow, and
redissolved in 100 uyL methanol/T M NHs-H,O solution (9:1, v/v). The
solution was then subjected to LC-MS analysis in negative ion mode with
three technical repeats and three biological repeats. The lipid extracts were
subjected to the PB derivatization to determine the location of C=C. Detail
of the derivatization has been reported. In brief, the dried lipid extract and
10 mM 2-acetylpyridine were dissolved in 150 pL acetonitrile. The solution
was irradiated by 254 nm UV for 155 in a flow microreactor and ~50 L
solution was collected for LC-MS analysis.®

The LC-MS system contained an Acquity |-class system (Waters, Milford,
MA, USA) hyphenated with a tims-time-of-flight of mass spectrometer
(Bruker Daltonics, Bremen, Germany). A C18 column (150 mm X 2.1 mm,
1.6 um) was used for lipid separation at a flow rate of 0.2 mL/min and the
oven temperature was set at 55 °C. A binary buffer system was used with
buffer A containing 20 mM ammonium acetate aqueous solution in
acetonitrile/water (60/40, v/v) and buffer B containing isopropanol/
acetonitrile (90/10, v/v). The mobile phase gradient was set as follows:
30%-70% B in 0-7 min, 70%-95% B in 7-10 min, 95% B in 10-12 min,
95%-30% B in 12-13 min, and 30% B in 13-15 min. The MS parameters
were as follows: ESI voltage, —3000/+4500 V; dry temperature, 220 °C; dry
gas, 8.0 L/min; collision RF, 400 Vpp, CID energy at 15eV.

For examination of FA components in mouse serum, mouse plasma
(15 L and 30 uL of 10 uM [D4] FA 18:0 added as internal standard) was
placed in a 2-mL vial, with 560 pL ice-cold water/methanol/2 M hydrochloric
acid solution (250:300:10, v/v/v), and vortexed for 0.5 min. Then, 500 pL
isooctane was added and vortexed for 5min to extract FAs. After 5min
centrifugation, the upper solution was obtained. Isooctane extraction was
repeated and upper solution from twice extraction was collected, dried
under nitrogen flow, and redissolved in 60 uL methanol. The solution was
then subjected to LC-MS analysis. The detection was under negative mode.

GloSensor cAMP assay
The GloSensor cAMP assay was performed according to the instructions of
Promega. AD293 cells were split into 6-well plate (300,000 cells/mL) and
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then transfected with the pGloSensor™-22F cAMP plasmid and pcDNA3-
GPR3 plasmid by Lipofectamine 2000, at a ratio of 2:1 (uL:ug). 24 h after
transfection, cells were split into 96-well plate for another 24 h incubation.
After removal of cell medium, 90 uL of 3% v/v (the GloSensor cAMP
reagent vs serum-free medium) substrate was added into each well. After
2 h incubation at RT, background measurements were taken, and then
10 uL 10x stock compounds were added for the second measurements of
ligand activation via EnVision 2105 (PerkinElmer). Relative cAMP level was
calculated by the cAMP level after addition of ligand divided by the cAMP
level before addition of ligand (basal level). Stock FAs (i.e., 10-50 mM) were
solubilized in DMSO, then diluted in cell culture buffer to designated
concentrations and sonicated to ensure that they were evenly distributed
in the buffer before being added to cells.

Cell-based reporter assay

The CRE, SRE, SRF-RE, and NFAT-RE reporter assays (Promega) were
performed according to the manufacturer’s instructions as described
before.'® Briefly, AD293 cells were split into 24-well plate at a density of
40,000 per well and then transfected with 100 ng reporter, 10 ng pcDNA3-
GPR3, 10ng phRGtkRenilla plasmids (Promega) by X-tremeGENE HP
(Roche) at a ratio of 3:1 over DNA amount after 1 day of growth on
37°C at 5% CO,. 24 h after transfection, cells were harvested and lysed by
addition of 1x Passive Lysis Buffer (Promega). The luciferase activity was
assessed by the Dual-Glo Luciferase system (Promega). Data were plotted
as firefly luciferase activity normalized to Renilla luciferase activity in
Relative Luciferase Unit (RLU).

Establishment of the stable cell line

AD293 cells were split into 6-well plate (300,000 cells/mL), and then
transfected with the pGloSensor™-22F cAMP plasmid and the pcDNA6-
GPR3-3X FLAG plasmid (WT receptor or the mutants, F120A33¢, W260A%*8
L283F73%, A201W°“6, Y280A7%°, H96AZ° and H96A*°/Y280A73%) by
Lipofectamine 2000 at a ratio of 2:1 (uL:pug). Geneticin (2mg/mL) and
blasticidin (20 pg/mL) were used to select colonies that stably express both
GPR3 and GloSensor 22F. The cell culture medium containing antibiotics was
changed every 2 days till well-separated colonies appeared. Then individual
single colony was picked by a small piece of sterilized filter paper soaked
with trypsin and separately cultured in a single well of 24-well plate. At least
24 candidate colonies were selected for each mutant and WT. After several
days of culture, each colony was triplicated. One of the triplicates was used
for western blot analysis, another for the GloSensor cAMP assay, and the
remaining one was stored for staining. The colonies with top scores in both
expression (western blot) and functional assay were selected as the
representative colonies for each mutant or WT for further analysis.

Western blot

AD293 cells were transfected with 100 ng pcDNA3-GPR3-3x FLAG per well
of 24-well plate by PEI at the ratio of 5:1 over DNA amount. Two days after
transfection, cells were lysed by cell lysis reagent (Sigma), and proteins in
cell lysates were separated in 10% Bis-Tris gels at 170V for 1h and then
transferred onto polyvinylidene difluoride (PVDF) membranes at 100 V for
1.5 h. The membranes were blocked with 10% milk in TBS-T (20 mM Tris-
HCl, pH 7.5, 50 mM NaCl, 0.1% Tween-20) at RT for 30 min. One of the
membranes was incubated at RT for 2 h with monoclonal anti-FLAG M2-
peroxidase (HRP) antibody (1:5000, Sigma) in TBS-T. The other one was
incubated with B-actin mouse mAb (1:10,000, ABclonal) in TBS-T at RT for
2 h. After being washed with TBS-T, the membrane was incubated for
30 min with HRP goat anti-mouse IgG (1:5000, ABclonal) in TBS-T. After
treatment with chemiluminescent substrate (Thermo Fisher Scientific),
protein bands were detected by iBright CL1000 imaging system (Thermo
Fisher Scientific).

Animals

Male C57BL/6N mice were obtained from Charles River Laboratories
(Beijing, China). Animal experiments were carried out in accordance with
the Guide for the Care and Use of Laboratory Animals (8th edition) and
approved by the Institutional Animal Care and Use Committee of Harbin
Institute of Technology (HIT/IACUQ).

Cold stress experiments
Eight-week-old male C57BL/6N mice were purchased from Charles River
(Beijing Vital River Laboratory Animal Technology Co., Ltd.). Mice were
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randomly divided into two groups. One group was kept at RT (22 °C). The
other group was used for cold exposure experiments. Individual mouse
was placed in a single cage in a cold room (4 °C) with free access to water
for 6 h. Blood samples were collected from orbital sinus.®®

Ex vivo experiments

iBAT was isolated from C57BL/6N mice at 4-6 weeks old and cut into
10 mg pieces. 10 mg iBAT was further cut into four pieces.®” iBAT pieces
were incubated in Dulbecco’s modified eagle medium (DMEM) at 4 °C, and
treated with OA (1 mM) for different times (0 h, 1 h, 2 h, and 4 h). Another
group of iBAT pieces were incubated in DMEM medium at 4 °C, and treated
with different doses of OA (0 mM, 1 mM, 5 mM) for 4 h. OA (Sigma, 01008)
was dissolved in serum-free DMEM (Gibco, high glucose, 12100046) by
using an ultrasonic cleaner at 40 °C for 10 min. p~(S/T)PKA substrate and
GAPDH levels were measured by immunoblotting, and quantified by
densitometry using ImageJ. iBAT was also isolated from WT and Gpr3 KO
mice at 4-6 weeks old and cut into 10 mg pieces. 10 mg iBAT was further
cut into four pieces. iBAT pieces were incubated in DMEM medium at 4 °C,
and treated with or without OA (1 mM) for 4 h. p-(S/T)PKA substrate and
GAPDH levels were measured by immunoblotting, and quantified by
Imagel.

Generation of Gpr3 KO mice

To generate Gpr3 complete KO mice rapidly, we performed one-step
complete knockout based on CRISPR/Cas9 systems, which was described
previously.%® Briefly, four adjacent single-guide RNAs (sgRNAs) (spaced
50-100 bp apart; sgRNA1: TCTACAGGTACCATGATGTG; sgRNA2: CAGTGT-
GAACGTGAGCAGCG; sgRNA3: GGTGTCCTGCGAGAACGCGC; sgRNA4:
ACCCACCAGCAGGAACATGG) that target key exon of Gpr3 were designed.
Subsequently, these four sgRNAs and Cas9 protein were microinjected into
174 zygotes of C57BL/6N mice, and 154 embryos that developed to 2-cell
stage were transferred into 4 surrogate mothers. Two surrogates were
successfully impregnated, and gave birth to 8 infants totally. By PCR
genotyping, Gpr3 of all Fo mice was completely deleted.

Data analysis

Cell-based luciferase reporter assay data were analyzed in Microsoft Excel;
cAMP assay and animal study data were analyzed in GraphPad Prism
(version 7.1). For reporter assay, cCAMP assay and animal study, data are
represented as mean + SD or SEM. Dots in the graph show individual data
of three independent experiments, each performed in triplicate. Two-sided
Student’s t-tests were used to compare the differences between two
groups. The differences between three groups were examined using one-
way analysis of variance (ANOVA) and the least significance difference
(LSD) t-test. P<0.05 is considered statistically significant. P values are
indicated in the figure legends.

DATA AVAILABILITY

The cryo-EM density maps and atomic coordinates have been deposited in the
Electron Microscopy Data Bank (EMDB) and Protein Data Bank (PDB) under accession
numbers EMD-37881 and 8WW2, respectively, for the OA-bound GPR3/G, complex.

REFERENCES

1. Laun, A. S, Shrader, S. H., Brown, K. J. & Song, Z. H. GPR3, GPR6, and GPR12 as
novel molecular targets: their biological functions and interaction with canna-
bidiol. Acta Pharmacol. Sin. 40, 300-308 (2019).

2. Song, Z. H., Modi, W. & Bonner, T. I. Molecular cloning and chromosomal locali-
zation of human genes encoding three closely related G protein-coupled
receptors. Genomics 28, 347-349 (1995).

3. Uhlenbrock, K., Gassenhuber, H. & Kostenis, E. Sphingosine 1-phosphate is a
ligand of the human gpr3, gpr6, and gpr12 family of constitutively active G
protein-coupled receptors. Cell Signal. 14, 941-953 (2002).

4. Ye, C. et al. Identification of a novel small-molecule agonist for human G protein-
coupled receptor 3. J. Pharmacol. Exp. Ther. 349, 437-443 (2014).

5. Laun, A. S. & Song, Z. H. GPR3 and GPR6, novel molecular targets for cannabidiol.
Biochem. Biophys. Res. Commun. 490, 17-21 (2017).

6. Yin, H. et al. Lipid G protein-coupled receptor ligand identification using beta-
arrestin PathHunter assay. J. Biol. Chem. 284, 12328-12338 (2009).

7. Valverde, O. et al. GPR3 receptor, a novel actor in the emotional-like responses.
PLoS One 4, 4704 (2009).

Cell Research (2024) 34:232-244

Y. Xiong et al.

8. Zingoni, A. et al. Isolation and chromosomal localization of GPR31, a human gene
encoding a putative G protein-coupled receptor. Genomics 42, 519-523 (1997).

9. Tanaka, S., Shaikh, I. M., Chiocca, E. A. & Saeki, Y. The Gs-linked receptor GPR3
inhibits the proliferation of cerebellar granule cells during postnatal develop-
ment. PLoS One 4, 5922 (2009).

10. Tanaka, S., Ishii, K., Kasai, K., Yoon, S. O. & Saeki, Y. Neural expression of G protein-
coupled receptors GPR3, GPR6, and GPR12 up-regulates cyclic AMP levels and
promotes neurite outgrowth. J. Biol. Chem. 282, 10506-10515 (2007).

11. Tanaka, S. et al. Developmental expression of GPR3 in rodent cerebellar granule
neurons is associated with cell survival and protects neurons from various
apoptotic stimuli. Neurobiol. Dis. 68, 215-227 (2014).

12. Thathiah, A. et al. The orphan G protein-coupled receptor 3 modulates amyloid-
beta peptide generation in neurons. Science 323, 946-951 (2009).

13. Ruiz-Medina, J., Ledent, C. & Valverde, O. GPR3 orphan receptor is involved in
neuropathic pain after peripheral nerve injury and regulates morphine-induced
antinociception. Neuropharmacology 61, 43-50 (2011).

14. Tourino, C. et al. The orphan receptor GPR3 modulates the early phases of
cocaine reinforcement. Br. J. Pharmacol. 167, 892-904 (2012).

15. Godlewski, G. et al. Mice lacking GPR3 receptors display late-onset obese phe-
notype due to impaired thermogenic function in brown adipose tissue. Sci. Rep.
5, 14953 (2015).

16. Sveidahl Johansen, O. et al. Lipolysis drives expression of the constitutively active
receptor GPR3 to induce adipose thermogenesis. Cell 184, 3502-3518.e33 (2021).

17. Lin, X. et al. Structural basis of ligand recognition and self-activation of orphan
GPR52. Nature 579, 152-157 (2020).

18. Lin, X. et al. The activation mechanism and antibody binding mode for orphan
GPR20. Cell Discov. 9, 23 (2023).

19. Cheng, Z. et al. Luciferase reporter assay system for deciphering GPCR pathways.
Curr. Chem. Genom. 4, 84-91 (2010).

20. Vu, T. K, Hung, D. T, Wheaton, V. I. & Coughlin, S. R. Molecular cloning of a
functional thrombin receptor reveals a novel proteolytic mechanism of receptor
activation. Cell 64, 1057-1068 (1991).

21. Vu, T. K, Wheaton, V. I, Hung, D. T., Charo, . & Coughlin, S. R. Domains specifying
thrombin-receptor interaction. Nature 353, 674-677 (1991).

22. Purcell, R. H. & Hall, R. A. Adhesion G protein-coupled receptors as drug targets.
Annu. Rev. Pharmacol. Toxicol. 58, 429-449 (2018).

23. Liu, P. et al. The structural basis of the dominant negative phenotype of the
Galphailbetalgamma2 G203A/A326S heterotrimer. Acta Pharmacol. Sin. 37,
1259-1272 (2016).

24. Xia, R. et al. Cryo-EM structure of the human histamine H1 receptor/Gq complex.
Nat. Commun. 12, 2086 (2021).

25. Rasmussen, S. G. et al. Crystal structure of the beta2 adrenergic receptor-Gs
protein complex. Nature 477, 549-555 (2011).

26. Xing, C. et al. Cryo-EM structure of the human Cannabinoid receptor CB2-Gi
signaling complex. Cell 180, 645-654.e13 (2020).

27. Zhuang, Y. et al. Structure of formylpeptide receptor 2-Gi complex reveals
insights into ligand recognition and signaling. Nat. Commun. 11, 885 (2020).

28. Zhou, F. et al. Structural basis for activation of the growth hormone-releasing
hormone receptor. Nat. Commun. 11, 5205 (2020).

29. Yuan, Y. et al. Structures of signaling complexes of lipid receptors STPR1 and
S1PR5 reveal mechanisms of activation and drug recognition. Cell Res. 31,
1263-1274 (2021).

30. Matyash, V., Liebisch, G., Kurzchalia, T. V., Shevchenko, A. & Schwudke, D. Lipid
extraction by methyl-tert-butyl ether for high-throughput lipidomics. J. Lipid Res.
49, 1137-1146 (2008).

31. Isberg, V. et al. Generic GPCR residue numbers—aligning topology maps while
minding the gaps. Trends Pharmacol. Sci. 36, 22-31 (2015).

32. Fahy, E, Cotter, D., Sud, M. & Subramaniam, S. Lipid classification, structures and
tools. Biochim. Biophys. Acta 1811, 637-647 (2011).

33. Makide, K. et al. Novel lysophosphoplipid receptors: their structure and function.
J. Lipid Res. 55, 1986-1995 (2014).

34. Abdelmagid, S. A. et al. Comprehensive profiling of plasma fatty acid con-
centrations in young healthy Canadian adults. PLoS One 10, e0116195 (2015).

35. Jensen, T. et al. The identification of GPR3 inverse agonist AF64394; the first small
molecule inhibitor of GPR3 receptor function. Bioorg. Med. Chem. Lett. 24,
5195-5198 (2014).

36. Xu, Z. et al. Structural basis of sphingosine-1-phosphate receptor 1 activation and
biased agonism. Nat. Chem. Biol. 18, 281-288 (2022).

37. Liu, S. et al. Differential activation mechanisms of lipid GPCRs by lysophosphatidic
acid and sphingosine 1-phosphate. Nat. Commun. 13, 731 (2022).

38. Wang, N. et al. Structural basis of leukotriene B4 receptor 1 activation. Nat.
Commun. 13, 1156 (2022).

39. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583-589 (2021).

SPRINGER NATURE

243



Y. Xiong et al.

244

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

de Carvalho, C. & Caramujo, M. J. The various roles of fatty acids. Molecules 23,
2583 (2018).

Weijers, R. N. Membrane flexibility, free fatty acids, and the onset of vascular and
neurological lesions in type 2 diabetes. J. Diabetes Metab. Disord. 15, 13 (2016).
Opie, L. H. & Walfish, P. G. Plasma free fatty acid concentrations in obesity. N. Engl.
J. Med. 268, 757-760 (1963).

Rothlin, M. E., Rothlin, C. B. & Wendt, V. E. Free fatty acid concentration and
composition in arterial blood. Am. J. Physiol. 203, 306-310 (1962).

Mittendorfer, B. Origins of metabolic complications in obesity: adipose tissue and
free fatty acid trafficking. Curr. Opin. Clin. Nutr. Metab. Care 14, 535-541 (2011).
Mao, C. et al. Unsaturated bond recognition leads to biased signal in a fatty acid
receptor. Science 380, eadd6220 (2023).

Takeuchi, H., Matsuo, T., Tokuyama, K., Shimomura, Y. & Suzuki, M. Diet-induced
thermogenesis is lower in rats fed a lard diet than in those fed a high oleic-acid
Safflower oil diet, a Safflower oil diet or a Linseed oil diet. J. Nutr. 125, 920-925
(1995).

Vogler, O. et al. Structure-effect relation of C18 long-chain fatty acids in the
reduction of body weight in rats. Int. J. Obes. 32, 464-473 (2008).

Duan, J. et al. Cryo-EM structure of an activated VIP1 receptor-G protein complex
revealed by a NanoBiT tethering strategy. Nat. Commun. 11, 4121 (2020).

Ma, S. et al. Structural mechanism of calcium-mediated hormone recognition and
Gbeta interaction by the human melanocortin-1 receptor. Cell Res. 31, 1061-1071
(2021).

Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion
for improved cryo-electron microscopy. Nat. Methods 14, 331-332 (2017).
Rohou, A. & Grigorieff, N. CTFFIND4: fast and accurate defocus estimation from
electron micrographs. J. Struct. Biol. 192, 216-221 (2015).

Wagner, T. et al. SPHIRE-crYOLO is a fast and accurate fully automated particle
picker for cryo-EM. Commun. Biol. 2, 218 (2019).

Fernandez-Leiro, R. & Scheres, S. H. W. A pipeline approach to single-particle
processing in RELION. Acta Crystallogr. D Struct. Biol. 73, 496-502 (2017).
Punjani, A, Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms
for rapid unsupervised cryo-EM structure determination. Nat. Methods 14,
290-296 (2017).

Zivanov, J., Nakane, T. & Scheres, S. H. W. A Bayesian approach to beam-induced
motion correction in cryo-EM single-particle analysis. IUCrJ 6, 5-17 (2019).
Pettersen, E. F. et al. UCSF Chimera-a visualization system for exploratory research
and analysis. J. Comput. Chem. 25, 1605-1612 (2004).

Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta
Crystallogr. D Biol. Crystallogr. 60, 2126-2132 (2004).

Wang, R. Y. et al. Automated structure refinement of macromolecular assemblies
from cryo-EM maps using Rosetta. Elife 5, 17219 (2016).

Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macro-
molecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213-221
(2010).

Pettersen, E. F. et al. UCSF ChimeraX: structure visualization for researchers,
educators, and developers. Protein Sci. 30, 70-82 (2021).

Wallace, A. C,, Laskowski, R. A. & Thornton, J. M. LIGPLOT: a program to generate
schematic diagrams of protein-ligand interactions. Protein Eng. 8, 127-134 (1995).
Jo, S, Kim, T, lyer, V. G. & Im, W. CHARMM-GUI: a web-based graphical user
interface for CHARMM. J. Comput. Chem. 29, 1859-1865 (2008).

Case, D. A. et al. The Amber biomolecular simulation programs. J. Comput. Chem.
26, 1668-1688 (2005).

Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol.
Graph. 14, 33-38, 27-28 (1996).

Zhao, J., Fang, M. & Xia, Y. A liquid chromatography-mass spectrometry workflow
for in-depth quantitation of fatty acid double bond location isomers. J. Lipid Res.
62, 100110 (2021).

Wang, Y. Q. et al. METTL3 is essential for postnatal development of brown adi-
pose tissue and energy expenditure in mice. Nat. Commun. 11, 1648 (2020).
Bugge, A., Dib, L. & Collins, S. Measuring respiratory activity of adipocytes and
adipose tissues in real time. Methods Enzymol. 538, 233-247 (2014).

SPRINGER NATURE

68. Zuo, E. et al. One-step generation of complete gene knockout mice and monkeys
by CRISPR/Cas9-mediated gene editing with multiple sgRNAs. Cell Res. 27,
933-945 (2017).

ACKNOWLEDGEMENTS

We thank Dr. Zhiwei Huang (HIT Center for Life Sciences) and Dr. Jijie Chai (Max
Planck Institute for Plant Breeding Research) for suggestion and support of this
project. This work was supported by the Startup Funds of HIT Center for Life Sciences,
the National Natural Science Foundation of China (32070048 to Y.H.; 92057110,
31971083 and 32371198 to Z.C,; 32301019 to Z.X.), the Fundamental Research Funds
for the Central Universities (HIT.OCEF.2023052 to Z.C.), the HIT Frontier Science
Center of Matter Behave in Space Environment to Y.H. and Z.C, and Tsinghua
University Initiative Scientific Research Program to Y.X.

AUTHOR CONTRIBUTIONS

Y.J.X. and ZX. made the expression constructs, purified the proteins, prepared and
screened the grids, generated the mutants, performed functional assays, and
analyzed the data. X.L. and Y.W. performed the animal study. J.Z. performed MS
experiments and analyzed the data. NW., Y.D, RX, Y.Q, and JL. set up the
experiments, prepared plasmids and cultured cells. Z.H. generated Gpr3 KO mice. A.Z.
and C.G. collected cryo-EM data. A.l. instructed functional assay. Y.X. designed and
supervised MS experiments and analyzed the data. Z.C. designed and supervised the
animal study and analyzed the data. Y.H. conceived the project, designed
experiments, analyzed data, collected data, solved the structures, wrote the
manuscript, and supervised the whole project. All authors contributed to the data
interpretation and preparation of the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541422-024-00932-5.

Correspondence and requests for materials should be addressed to Yu Xia, Zheng
Chen or Yuanzheng He.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

Cell Research (2024) 34:232-244


https://doi.org/10.1038/s41422-024-00932-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Identification of oleic acid as an endogenous ligand of GPR3
	Introduction
	Results
	The constitutive activity of�GPR3
	The overall architecture of GPR3/Gs complex
	Identification of OA as a ligand of�GPR3
	Ligand-binding pocket of�GPR3
	Ligand specificity of�GPR3
	Structural basis of ligand specificity
	The activation of GPR3 by OA via cold stimulation
	A “born to be activated and cold to enhance” model for GPR3 activation

	Discussion
	Materials and methods
	Constructs
	Expression and purification of the complex
	Expression and purification of�Nb35
	Grid preparation and cryo-EM data collection
	Data processing
	Model building
	MD simulation
	Molecular docking
	MS analysis
	GloSensor cAMP�assay
	Cell-based reporter�assay
	Establishment of the stable cell�line
	Western�blot
	Animals
	Cold stress experiments
	Ex vivo experiments
	Generation of Gpr3 KO�mice
	Data analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




