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ABSTRACT: The class A orphan G protein-coupled receptor
(GPCR), GPR3, has been implicated in a variety of conditions,
including Alzheimer’s and premature ovarian failure. GPR3
constitutively couples with Gαs, resulting in the production of
cAMP in cells. While tool compounds and several putative
endogenous ligands have emerged for the receptor, its endogenous
ligand, if it exists, remains a mystery. As novel potential drug
targets, the structures of orphan GPCRs have been of increasing
interest, revealing distinct modes of activation, including
autoactivation, presence of constitutively activating mutations, or
via cryptic ligands. Here, we present a cryo-electron microscopy
(cryo-EM) structure of the orphan GPCR, GPR3 in complex with
DNGαs and Gβ1γ2. The structure revealed clear density for a lipid-like ligand that bound within an extended hydrophobic groove,
suggesting that the observed “constitutive activity” was likely due to activation via a lipid that may be ubiquitously present. Analysis
of conformational variance within the cryo-EM data set revealed twisting motions of the GPR3 transmembrane helices that appeared
coordinated with changes in the lipid-like density. We propose a mechanism for the binding of a lipid to its putative orthosteric
binding pocket linked to the GPR3 dynamics.

Over 800 G protein-coupled receptors (GPCRs) are encoded
for by the human genome, responsible for a wide range of
physiological functions and playing a role in disease
manifestation and resolution. The importance of these
receptors is highlighted by their role as drug targets, with
GPCRs comprising ∼30% of currently marketed drugs.1

Despite the considerable interest in GPCRs, the endogenous
ligands for around 100 receptors remain unknown; these
receptors are termed orphan GPCRs (oGPCRs).1 GPCRs
canonically bind to a G protein heterotrimer (comprising α, β,
and γ subunits) to initiate intracellular responses. While
agonist binding is traditionally required for G protein
association and activation, some GPCRs productively engage
G proteins independent of ligand association. This constitutive
activity can occur both as a result of specific disease-causing
mutations and, in a receptor-dependent manner, as a natural
facet of receptor function.2,3

GPR3 is a class A oGPCR, expressed in the central nervous
system and adipose tissues.2 GPR3 has been linked to a variety
of conditions, including Alzheimer’s, due to its impact on β-
amyloid production through β-arrestin recruitment;4 prema-
ture ovarian failure, where the high cAMP production of GPR3
in oocytes holds them in meiotic arrest;5 and an impact on
addiction6 and pain in nerve injury.7 Recent data suggests that

the physiological activity of GPR3 may primarily be driven by
constitutive signaling, with regulation of GPR3 responses
achieved through changes to receptor expression. For example,
GPR3 expression is upregulated in brown adipose tissue in
mice in response to cold temperatures.2,8 Although tool
compounds and potential ligands for this receptor have been
proposed, no endogenous ligands have been validated.9

Here, we validated the previously reported constitutive
activity of GPR310 in direct assays of Gs protein coupling
(Figure 1A) and in a downstream cAMP accumulation assay
(Figure 1B). Despite this, GPR3 exhibits strong sequence
conservation within class A activation motifs that are perturbed
in many constitutively active receptors3 (Figure 1C). This
suggests that GPR3 constitutive activity may arise from the
presence of an autoactivation domain or an endogenous
prebound ligand. Indeed, previous mutagenesis studies on
GPR3 have hypothesized autoactivation by the N terminus,
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while other studies have indicated that it may respond to the
presence of endogenous lipids, such as sphingosine-1-
phosphate, resulting in the observed high basal signaling.2,11

However, structural information is required to understand the
underlying mechanism of GPR3 activation.

Contemporary structural studies of class A oGPCRs have
uncovered distinct modes of activation, particularly for
receptors with known constitutive activity. Some receptors,
such as GPR52, undergo autoactivation, where extracellular
loop 2 (ECL2) dips deeply into the transmembrane domain
(TMD) core, forming contacts with conserved motifs
implicated in ligand-mediated receptor activation.13 For other
oGPCRs, resolved structures have revealed the presence of a
cryptic ligand, such as that observed in GPR119, where a lipid
activator was copurified in the active complex.14

To understand the activation of GPR3, we determined a
cryo-electron microscopy (cryo-EM) structure of the receptor
in complex with dominant negative (DN) Gαs and Gβ1γ2
(Figure 2A). Briefly, GPR3, DNGαs, and Gβ1γ2 were
coexpressed in Trichoplusia ni cells using a baculovirus
expression vector at a 4:2:1 ratio followed by addition of
nanobody 35 (Nb35). The active GPR3 complex was purified
by Flag affinity chromatography, followed by size exclusion
chromatography; peaks containing complex particles were
pooled and concentrated for cryo-EM imaging (Figure S2A−

E). Following iterative rounds of classification and refinement
(Figure S3), the structure was resolved to 3.5 Å (Figure S4).
Of note, while the complex was copurified with Nb35 (Figure
S2B), no density was present for the nanobody in the refined
maps, suggesting that the conformation of a GPR3-bound Gαs
protein had diminished affinity for Nb35 (see supplemental
discussion).

The structure revealed an ECL2 “cap” (Figure 2B),
reminiscent of those reported in the structures of lipid
receptors, such as the sphingosine-1-phosphate receptor
(S1P1R).15 The ECL2 cap in GPR3 stabilizes binding of a
lipid that appears to extend through a hydrophobic channel in
the receptor core to an exit between TM4/5 near the
intracellular side of the receptor (Figure 2C,D). The lipid-
bound hydrophobic pocket within the receptor originates
below ECL2 and terminates near V2055.50 of the PIF motif,
although additional discontinuous density can be observed
below this. At low thresholds, this lower lipid-like density can
be observed in proximity to hydrophobic residues at the
intracellular side of the receptor, including L1283.44, L1594.48,
and M1564.45 among others (Figure 2C).

CryoSPARC 3D variability analysis (3DVA) of principal
components of motion within the EM data revealed a
transition between two distinct receptor conformations (Figure
3A,B; Supplementary Video). While lipid-like density is

Figure 1. (A) Normalized bioluminescence resonance energy transfer (BRET) between Rluc8-tagged GPR3 and split-Venus tagged Gβ1γ2. Upon
addition of GDP-βs (100 μM; black line) to apyrase-treated permeabilized cells, the constitutively active receptor stimulates turnover of the
precomplexed Gαs heterotrimer. Gαs heterotrimer dissociation from the receptor is indicated by the reduction in the BRET ratio due to separation
of the Venus and Rluc8 tags.10 BRET ratios (ΔBRET) were baseline corrected twice. First, the average of the first two data points was subtracted
from the data points of each individual experiment. Second, the values from experiments where no GDP-βs was added were subtracted from the
corresponding values of experiments where GDP-βs was added after the second baseline read. The data shown in panel A represent the average (±
SEM) difference from the baseline of four independent experiments (n = 4), each performed in technical duplicate. (B) Basal cAMP accumulation
over 60 min expressed as pM/well. HEK293a cells were transiently transfected in suspension with a tagged GPR3 or pcDNA3.1 vector control.
Data shown as the means ± SEM where n = 3 independent experiments with individual mean experimental data points displayed. (C) Sequence
comparison of key conserved class A GPCR motifs. The related orphan receptors, GPR3 and GPR12, are compared to the prototypical class A
GPCR, β1-adrenoreceptor (β1AR), and the related lipid receptor, sphingosine-1-phosphate-receptor 1 (S1P1R). Residues are color coded as
follows: red, acidic/negatively charged; orange, aliphatic; yellow, aromatic; green, polar/neutral; blue, basic/positively charged. Sequence
comparison was performed using GPCRdb (www.gpcrdb.org), and aligned residues are numbered using the Ballesteros−Weinstein numbering
system.12
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present throughout the transition, the density is very dynamic,
suggesting that the lipid may be moving in concert with
changes in receptor conformation. Within the receptor, there is
coordinated reorganization of the TM bundle and ECL2
between “open-like” and “closed-like” conformations. In the
open-like conformation, the extracellular sides of TM3 and
TM6/ECL3/TM7 are further apart, supporting positioning of
the lipid in the upper hydrophobic groove, with ECL2 capping
this pocket. As the receptor transitions to the closed
conformation, ECL2 shifts away from the ligand pocket,
while the extracellular ends of TM3 and ECL3 move toward
ECL2, contracting the upper binding pocket. These changes
are accompanied by an apparent clockwise rotation of TMs 4,
5, and 7 (Figure 3A). The residues within the hydrophobic
groove rotate with their TMs, resulting in rearrangement of
I1243.40 and V2055.50 of the PIF motif (VIF in GPR3), which

sit along the proposed binding pocket of the lipid (Figure 2C).
While speculative, these conformational changes could be
involved in the process of lipid engagement/disengagement.

The lower lipid-like density was evident in both the “open”
and “closed” conformations; however, it was more prominent
in the latter. Furthermore, while the lipid-like density is
contiguous in low-contour maps, it is discontinuous at a high
contour. As such, it is possible that the lipid is either a long-
chain fatty acid or a shorter lipid undergoing entry and egress
from the receptor where it is metastably engaged at multiple
points along this path. A caveat of the 3DVA is the relatively
small number of particles available for serial map reconstruc-
tion that could also contribute to the variance in resolution of
the lipid density. When modeled into the consensus map as
two simple saturated 16 carbon chain molecules, higher

Figure 2. (A) Cryo-EM structure of GPR3:DNGαs:Gβ1γ2. GPR3: cyan, lipid: red, DNGαs: black, Gβ1: dark gray, Gγ2: light gray. (B) The
placement of ECL2, as well as the extracellular portion of the TMD, largely occludes access to the intracellular domain, although a small entrance
can still be observed. (C) Model of potential lipid(s) in the TM cavity. The lipid was modeled as a simple 16 carbon saturated lipid, with two
individual lipids modeled (red and yellow) to account for the extended density in the cryo-EM map. Receptor residues that are in the proximity of
the lipid are represented as sticks. These residues create a hydrophobic “channel” where the lipid is proposed to bind. These residues include key
class A activation motifs: the PIF motif and the W6.48 toggle switch. (D) Hydrophobic surface representation of the GPR3, including the placement
of the lipid in its “upper” position.

Figure 3. (A) Cartoon schematic illustrating the rearrangement of the ECL2 and TMD observed in the 3DVA (further details supplied in the
legend for Supplementary Video 1). (B) Placement of the lipid in its “upper” position (left) and its “lower” position (right).
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occupancy is predicted, using Coot, for the lipid in the “upper”
portion of the receptor (Figure 3B).

To explore the potential identity of the lipid-like density in
the structure, active GPR3-Gs complexes were purified and
subjected to lipid extraction, and an extensive semiquantitative
mass spectrometric analysis was conducted. A total of 158 lipid
molecules, encompassing two major lipid categories, fatty acids
(FA) and triglycerides (TG), spanning 20 lipid classes, were
identified and semiquantified at the “sum composition” level
(Figure S5). At this level, the lipid class, subclass, total number
of carbon atoms, and total number of C�C double bonds in
the fatty acyl-alkyl-alkenyl moieties are determined. For
instance, FA 18:2 denotes a linoleic acid with a total of 18
carbons and two double bonds in the acyl chains. The highest
enrichment of lipids was seen for FAs between 14 and 22
carbons in length that were either unsaturated, monosaturated,
or disaturated (Figure S6). Each of these could be robustly
modeled into the EM density, consistent with the potential for
GPR3 to be activated by fatty acids (Figure S7). Nonetheless,
further work is required to determine the identity of the
endogenous lipid activator as well as to explore the role of TM
movements on lipid binding and receptor activation.

A comparable lipid binding pocket to that observed in GPR3
can be seen in GPR119, an orphan receptor that putatively
binds to lysophosphatidylcholine (LPC) as its endogenous
ligand, as well as S1P1R, which is activated by the lipid,
sphingosine-1-phosphate (S1P) (Figure 4A,B). A similar
binding mode is also observed in GPR174 that putatively
binds lysophosphatidylserine (LysoPS). GPR119, while
exhibiting an extended lipid density similar to GPR3, binds
to a phospholipid whose headgroup extends beyond ECL2,
forming extensive hydrophilic and polar interactions with the
receptor extracellular domain and ECLs, resulting in outward
shifts of TM1 and ECL3 when compared to GPR3 (Figure
4B).14 Moreover, ECL2 also adopts a conformation different
from that in GPR3, and GPR119 engages with the lipid tail via
a distinct series of amino acids within the hydrophobic channel
(Figure S8). GPR174 also features an extended binding pocket
that traverses the lipid bilayer; however, there are distinct
differences in the extracellular region, including in the
placement of ECL2 (Figure 4D).16 Additionally, GPR174
has a pronounced kink in TM5, which results in differential
placement of the lipid in its binding pocket.

S1P1R binds to its endogenous lipid in a similar extended
hydrophobic groove to GPR3 and GPR119, with the lipid tail
traversing the TMD (Figure 4A). The hydrophilic headgroup
is accommodated by hydrophilic residues in an extracellular
vestibule of the binding pocket, and its hydrophobic acyl chain
is surrounded by hydrophobic residues, many of which are
conserved with GPR3, including F5.47, F(GPR3)3.36L(S1P1R),
and F(GPR3)6.51L(S1P1R). Similar to GPR119, the extrac-
ellular region of S1P1R displays a conformation distinct from
that of GPR3 to accommodate the phosphate headgroup
(Figure 4A). While S1P has been proposed as a potential
ligand for GPR3, it is clear from our maps that there is no
density that would support the presence of a hydrophilic
phosphate headgroup, and substantial structural changes would
be required to enable binding of S1P, suggesting that it is
unlikely to be the primary endogenous ligand for GPR3.

Our data is consistent with an important role for ECL2 in
capping the lipid binding pocket and in stabilization of the
lipid in the upper hydrophobic pocket in the absence of polar
interactions that would support phospholipid binding. A

capping motif has been observed in the active structures of
other lipid receptors, including CB1R (Figure 4C), suggesting
that this may be an important conserved feature for stabilizing
lipid agonists. GPR3 is a member of an oGPCR subfamily
consisting of GPRs 3, 6, and 12. GPRs 6 and 12 have also been
predicted to bind to cannabinoid and sphingosine-related
lipids,9 and, similar to GPR3, they retain most of the conserved
class A activation motifs, with the “PIF” motif being the least
conserved (Figure 1C). Recently, a constitutively active, Gαs
protein-bound structure of GPR12 was reported.17 In that
study, GPR12 was proposed to undergo autoactivation via
TMD engagement of ECL2 due to a lack of robust evidence
for a cryptic agonist ligand.

Figure 4. Side and top views of GPR3 superimposed with similar lipid
binding receptors. (A) S1P1R with its endogenous lipid S1P (PDB:
7VIE). (B) GPR119 with its endogenous lipid (PDB: 7XZ5). (C)
CB1R was bound to an endocannabinoid-like analogue (PDB:
8GHV). (D) GPR174 was bound to the endogenous lipid LPC
(7XV3). The placement of the TMs is equivalent in each panel. In all
comparisons, the modeled lipid in GPR3 is colored red, with the
backbone of the ligands present in the comparator structures color
matched to the receptor.
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There is a strong correlation between the backbone
conformations of GPR12 and GPR3 (Figure S9), including
overlap in the conformation of ECL2, suggesting that these
receptors likely share a similar mechanism for activation.
Moreover, the position of ECL2 is relatively shallow and
distinct from those of autoactivated receptors such as GPR52
where ECL2 penetrates deep into the TM bundle, a pose that
overlaps the orthosteric binding pocket of many class A
GPCRs, including the upper lipid pocket of GPR3.
Examination of the GPR12 model reveals an open cavity
beneath ECL2, and there is also a weak density within this
cavity in the deposited EM map (Figure S9A). Collectively, we
believe that GPR12 is unlikely to be an autoactivated GPCR
but rather activated by a cryptic ligand, similar to GPR3,
although there is limited ability to resolve the ligand density
due to the low number of particles in the deposited final map.
However, further studies are required to validate this
hypothesis.

In conclusion, this work presents the novel structure of
GPR3, an elusive oGPCR, in complex with the DNGαs and
Gβ1γ2 subunits. We reveal that GPR3 is a lipid-activated
receptor, with the previously described constitutive activity of
the receptor likely due to high occupancy of the receptor by an
endogenous lipid(s) that is likely to be a fatty acid(s).
Additionally, 3DVA of active complex provided potential
mechanistic insight into entry/egress of the lipid that may be
linked to receptor activation. This work provides key
information for understanding the biology of GPR3 and
extends our knowledge of GPCR activation mechanisms.

Note, added in proof: At the time of submission of our
revised manuscript 2 x articles reporting substantially similar
results were published18,19
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