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Significance

GPR34 is a 
Lysophosphatidylserine (LysoPS) 
receptor with pathogenic roles in 
numerous diseases. In this work, 
we solved the cryo- EM (cryo- 
electron microscopy) structures 
of both activated and inactivated 
GPR34. By utilizing the solved 
cryo- EM structure of GPR34, we 
identified a potent and selective 
GPR34 antagonist and 
demonstrated its effectiveness in 
the neuropathic pain model. Our 
investigation offers mechanistic 
insights into the endogenous 
agonist recognition and 
antagonist inhibition of GPR34, 
and provide proof- of- concept 
that targeting GPR34 represents 
a promising strategy for disease 
treatment.
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Cryo- EM structures of human GPR34 enable the identification 
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GPR34 is a functional G- protein- coupled receptor of Lysophosphatidylserine (LysoPS), 
and has pathogenic roles in numerous diseases, yet remains poorly targeted. We herein 
report a cryo- electron microscopy (cryo- EM) structure of GPR34 bound with LysoPS 
(18:1) and Gi protein, revealing a unique ligand recognition mode with the negatively 
charged head group of LysoPS occupying a polar cavity formed by TM3, 6 and 7, and 
the hydrophobic tail of LysoPS residing in a lateral open hydrophobic groove formed 
by TM3- 5. Virtual screening and subsequent structural optimization led to the identi-
fication of a highly potent and selective antagonist (YL- 365). Design of fusion proteins 
allowed successful determination of the challenging cryo- EM structure of the inactive 
GPR34 complexed with YL- 365, which revealed the competitive binding of YL- 365 in a 
portion of the orthosteric binding pocket of GPR34 and the antagonist- binding- induced 
allostery in the receptor, implicating the inhibition mechanism of YL- 365. Moreover, 
YL- 365 displayed excellent activity in a neuropathic pain model without obvious 
 toxicity. Collectively, this study offers mechanistic insights into the endogenous agonist 
 recognition and antagonist inhibition of GPR34, and provides proof of concept that 
targeting GPR34 represents a promising strategy for disease treatment.

GPCR | GPR34 | cryo- EM | antagonist

Lysophosphatidylserine (LysoPS) is an emerging bioactive lipid mediator generated by 
enzymatic hydrolysis of membrane phospholipid, phosphatidylserine (PS) (1). LysoPS is 
an amphipathic molecule with a phosphoserine group as the hydrophilic head, a fatty acid 
[e.g., oleic acid (18:1)] as the hydrophobic tail, and a glycerol moiety linking the two parts 
(Fig. 1A). LysoPS can signal through specific cell- surface G- protein- coupled receptors 
(GPCRs), participating in the regulation of some important physiological processes, such 
as, immunomodulation (2, 3) and microglia colonization (4). Recent studies have also 
revealed its pathological role in several diseases, such as neuropathic pain (5) and auto-
immune diseases (6, 7). Currently, three GPCRs, GPR34, P2Y10, and GPR174, have 
been identified as LysoPS cognate functional receptors (8–10).

GPR34 is the first discovered cell- surface receptor of LysoPS, which is highly expressed 
in immune cells, such as microglia and mast cells (8, 11). Increasing evidence shows that 
GPR34 has pathogenic roles in numerous diseases (12). For example, GPR34 was found 
to be overexpressed in the microglia of spinal dorsal horn after sensory nerve injury, 
which contributes to neuropathic pain, and GPR34 gene deletion significantly reduced 
this kind of neuropathic pain (5). Moreover, GPR34 is also implicated in several types 
of cancer, including gastric cancer (13), colorectal cancer (14, 15), and cervical cancer 
(16). Interestingly, GPR34- knock- out mice showed no obvious abnormalities in broad 
phenotypical screens in respect to anatomy, histology, laboratory chemistry, and behavior 
(17). All these findings suggest that GPR34 is an attractive therapeutic target for related 
diseases, and antagonists of GPR34 may be potential agents for the treatment of related 
diseases.

Currently, a series of studies that focus on the optimization of LysoPS as agonists to 
improve its potency and selectivity have been reported (18–21). However, there is still 
a lack of potent and selective GPR34 antagonists, and the structural organization and 
signaling mechanisms of GPR34 are largely unknown. In this investigation, we identify 
a highly potent and selective antagonist of GPR34 (YL- 365), and report cryo- electron 
microscopy (cryo- EM) structures of both activated GPR34 [bound with LysoPS (18:1) 
and Gi] and inactivated GPR34 (complexed with YL- 365). These structures reveal 
unique molecular mechanisms underlying the endogenous ligand recognition and antag-
onist inhibition of GPR34. Moreover, we demonstrate the effectiveness of antagonist 
YL- 365 in a mouse model of neuropathic pain, highlighting a great potential of targeting 
GPR34 in disease treatment.
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Results

Cryo- EM Structure of Activated GPR34- Gi Complex Bound to LysoPS 
(18:1). To obtain human GPR34- Gi signal transduction complex, 
we truncated the N- terminal residues (1 to 38) and C- terminal 
residues (373 to 381) of the receptor and inserted a fusion protein 

BRIL (Thermostabilised apocytochrome b562 from Escherichia 
coli M7W/H102I/R106L) into the N- terminus for expression 
level improvement. The modified GPR34 and heterotrimeric Gi 
complex was coexpressed in Sf9 insect cells, and the complex was 
assembled under the conditions of endogenous agonist LysoPS 
(18:1) and apyrase (22). To further enhance complex stability, we 
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Fig. 1. Cryo- EM structure of GPR34- Gi in complex with LysoPS (18:1). (A) Chemical structure of LysoPS (18:1). The hydrophilic head, glycerol linker, and hydrophobic 
tail of LysoPS (18:1) are highlighted with cadet blue, pink, and cornflower blue shading, respectively. (B and C) The cryo- EM density map (B) and model (C) of 
LysoPS (18:1)- bound GPR34- Gi1 complex. Cornflower blue, GPR34; pale green, Gαi; tan, Gβ; pink, Gγ; dark gray, scFv16; bright orange, LysoPS (18:1). (D) Cryo- EM 
density map shown as dark gray meshes allowed unambiguous identification of LysoPS (18:1). The density map of LysoPS (18:1) are depicted at contour level 
of 0.397. (E) Orthogonal view of cartoon model of LysoPS (18:1)- bound GPR34. The hydrophobic tail of LysoPS (18:1) extended toward TM3- TM5. The helical 
bundle of GPR34 is presented as cylindrical helices. (F) Key residues involved in LysoPS (18:1) recognition. The residues in contact with the hydrophilic head of 
LysoPS (18:1) are colored cadet blue, and those engaged with the hydrophobic tail are colored cornflower blue. Polar interactions are highlighted as gray dashed 
lines. (G) Mutagenesis effects of orthosteric- site residues of GPR34 on their activities in response to LysoPS (18:1) stimulation examined by Gαi1- Gγ2 dissociation 
assay. Bars represent differences in calculated potency (ΔpEC50) for each mutant shown as percentage of the maximum in wild type (WT). The ΔpEC50 values 
were derived from the dose- dependent curves in SI Appendix, Fig. S3 G and H. Statistical differences between WT and mutants were determined by two- sided, 
one- way ANOVA with Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001; ND, not detectable due to low signal; NS, no significant difference. Data are presented as 
the mean ± SEM of three independent experiments performed in triplicate.
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utilized scFv16, which is a single- chain variable fragment derived 
from a monoclonal antibody that was raised against Rhodopsin- 
Gi1 complex (23). Eventually, single- particle cryo- EM analysis of 
the sample enabled us to obtain nominal global maps at 3.27 Å 
resolution for structure of LysoPS (18:1)- bound GPR34- Gi- scFv16 
complex (Fig. 1B and SI Appendix, Fig. S1 and Table S1).

The overall structure of the GPR34- Gi complex reveals a similar 
assembly mode as most lipid receptor signaling complexes, such 
as CB1- Gi, S1PR1- Gi, and LPAR1- Gi complexes, with Cα atom 
RMSD values being 0.54 Å, 0.99 Å, and 0.86 Å for the whole 
complex, respectively, suggesting that the structure of GPR34- Gi 
complex is active state (SI Appendix, Fig. S2 A–C). In the final 
structure model of activated GPR34- Gi in complex with LysoPS 
(18:1), GPR34 was associated with Gi by its intracellular part to 
interact with the C- terminus of Gαi (mainly α helix 5, see α5 in 
Fig. 1C). GPR34 itself adopted the canonical seven transmem-
brane (7TM) bundle of α- helices, with three extracellular loops, 
three intracellular loops, and a short amphipathic helix 8 (H8) 
oriented parallel to the membrane (SI Appendix, Fig. S2D). Of 
note is that the ECL2 loop was stabilized into a U- shape by form-
ing a disulfide bond between C204ECL2 and C1273.25 (SI Appendix, 
Fig. S2E). The U- shaped ECL2 together with TM3 and TM5- 7 
likely constitute the orthosteric ligand binding pocket with ECL2 
like a cap of the pocket.

Recognition of the Endogenous LysoPS (18:1) by GPR34. A 
well- defined density was clearly observed in the orthosteric 
site (Fig.  1D), which allowed us to unambiguously model the 
agonist LysoPS (18:1) in the structure with the acyl tail extending 
into the cleft between TM3- 5 (Fig. 1E). The complex structure 
provides signaling mechanism of LysoPS (18:1) action, and 
helps us understand structure- activity relationship (SAR) of 
LysoPS analogs. Structurally, LysoPS (18:1) can be divided 
into three parts: a hydrophilic head, a hydrophobic tail, and a 
glycerol linker (Fig. 1A). When comparing with binding poses 
of other lipids in receptors, we found that the hydrophilic head 
of sphingosine 1- phosphate (S1P), lysophosphatidic acid (LPA), 
and lysophosphatidylcholine (LPC) located close to TM1, 
TM2, and TM7 in S1PR3 (24), LPAR1 (25), and GPR119 (26) 
(SI Appendix, Fig. S2 F–H). However, the hydrophilic head of 
LysoPS (18:1) occupies the pocket formed by TM3, TM6, and 
TM7 in GPR34 (SI Appendix, Fig. S2 E and F). Distinct from 
bending conformation of hydrophobic tails of LPA in LPAR1, 
the LysoPS (18:1), S1P and LPC adopt extended binding poses 
in corresponding receptors (24–26)

The hydrophilic head of LysoPS (18:1), consisting of L- serine 
and phosphodiester, together with the glycerol linker adopts a 
U- shape and forms a polar interaction network with ECL2, TM3 
and TM6/7 (Fig. 1F). In particular, the amino group of L- serine 
forms a hydrogen bond with Y1353.33, whereas the carboxyl group 
was observed to extend toward TM6 and TM7, forming salt bridge 
or hydrogen bonds with side chains of R2866.55, Y2896.58, and 
N3097.35, respectively (Fig. 1F). Likewise, a similar polar pocket 
was observed in GPR174, consisting of R752.60, Y792.64, Y993.33, 
R1564.64, Y2466.51, and K2576.62, accommodating the L- serine 
moiety of LysoPS (SI Appendix, Fig. S3A).Previous SAR studies of 
LysoPS showed that either deletion of the carbonyl oxygen or 
introduction of a methyl group in the serine moiety substantially 
reduced the activity of GPR34 and GPR174 (18, 27), which could 
be due to the breaking of interactions between serine and these 
residues. Moreover, modification of L- serine by a methyl group to 
lysophosphatidylthreonine failed to activate GPR34 signaling 
transduction (18), which might be due to the potential clash 
between the threonine analogue and the side chain of Y1353.33 

(SI Appendix, Fig. S3B). These results indicate that the serine 
 moiety serves as a key determinant role for LysoPS receptor sub-
family activation. The phosphate group, a typical character of 
lysophospholipids (LPLs), is observed to form salt bridge with 
the side- chain of R208ECL2 (Fig. 1F). This arrangement placed 
the side chain of F205ECL2 into a classic orthosteric binding 
pocket (OBP), making direct van der Waals forces with phosphate 
group of LysoPS (18:1), which in turn prevents the L- serine group 
from coming near TM1, TM2, and TM7 (SI Appendix, Fig. S3C).

The glycerol subgroup, another important moiety of LPLs, is 
packed by G1313.29 and T1323.30, making direct contacts with TM3 
(SI Appendix, Fig. S3D). Consistent with our structural observation, 
cyclic substitution of glycerol moiety with tetrahydropyran could 
restrict the flexibility of LysoPS (18:1) and enhance receptor acti-
vation (19). In addition, introduction of methoxy or ethoxy at C2 
of glycerol moiety has more selectivity on GPR34 than P2Y10 and 
GPR174 (21), which is because G1313.29 and T1323.30 in GPR34 
were replaced by bulkier aromatic residues F3.29 and Y3.30 in GPR174 
or P2Y10. (SI Appendix, Fig. S3E).

The hydrophobic tail of LysoPS (18:1) in the structure of 
GPR34 exhibits twisted shape conformation with its acyl chain 
placed into a cleft formed by TM3- 5, engaging in extensive hydro-
phobic contacts with the receptor (Fig. 1F). The residues Y1353.33, 
M1363.34, and Y1393.37 from TM3 make up the back side of the 
hydrophobic cavity, M1894.60, G1854.56, A1824.53, L1814.52 from 
TM4 and F2195.39, L2235.43, M2265.46 from TM5 define a vertical 
cavity that could accommodate length of the ligand. It is note-
worthy that the lipid tail of LysoPS (18:1) is projected into the 
laterally open cleft, which is accessible to the environment of lipid 
bilayer membrane (SI Appendix, Fig. S3F).

To validate the observed agonist binding modes, we performed 
a series of mutagenesis studies and cell- based pharmacological 
assays. Consistent with structural observations, individual alanine 
mutations of residues Y1353.33, R208ECL2, R2866.55, Y2896.58, 
and N3097.35 involved in hydrophilic head recognition reduced 
LysoPS (18:1)- induced receptor activation. In particular, the 
GPR34 mutants Y1353.33A, R2866.55A, and N3097.35A nearly 
abolished receptor activation (Fig. 1G and SI Appendix, Fig. S3G 
and Table S2). Meanwhile, in hydrophobic binding pocket, ala-
nine substitution of Y1393.37 and L2235.43 severely impaired the 
receptor activation simulated by LysoPS (18:1) (Fig. 1G and 
SI Appendix, Fig S3H). These findings highlight the critical role 
of the hydrophilic head binding site and the hydrophobic cleft 
in receptor activation. We next performed a 500 ns MD simula-
tion of GPR34 bound to LysoPS (18:1), which reveals that 
LysoPS (18:1) binds to the pocket of GPR34 stably (SI Appendix, 
Fig. S3 I and J).

Identification of GPR34 Antagonist YL- 365. To obtain antagonists 
of GPR34, molecular docking–based virtual screening was first 
carried out with the obtained cryo- EM structure of GPR34. 
Chemical libraries used in the virtual screening include ZINC 
database (28) and an in- house database, containing about 8 million 
drug- like compounds in total. From top ranked compounds in this 
screening campaign (Fig. 2A; details see SI Appendix, Supplementary 
Materials and Methods section), we selected 20 compounds for 
further bioactivity validation (SI Appendix, Table S3). Of them, 
three compounds showed antagonistic activity and compound 
D0010242 (Hit- 1) is the most active one with a half maximal 
inhibitory concentration (IC50) value of 2.183 μM against GPR34 
in the Tango assay (29) (SI Appendix, Table S3). Therefore, Hit- 1 
was chosen for further structural optimization; another reason 
why we did not choose the other two compounds was because 
they showed obvious cytotoxicity at 10 μM.
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We then performed structural optimization toward Hit- 1 to 
improve its potency. The structural optimization was focused  
on three regions: (benzyloxy)phenyl (R1), trifluoromethoxyphenyl 
(R2), and carboxyl (R3) (Fig. 2B). In the first step, we fixed R2 and 
R3 as their original groups and optimized R1. Shifting the benzyloxy 
group from paraposition to metaposition or orthoposition substan-
tially reduced the potency (Hit- 1 vs C- 01 and C- 02; SI Appendix, 
Fig. S4), and removing the benzyloxy group from the paraposition 
evidently decreased the activity (Hit- 1 vs. C- 03), indicating that 
substitution at the paraposition other than the metaposition or 
orthoposition is important for the potency improvement. Various 
substituents were then used to replace the benzyloxy group at the 
paraposition. Seven compounds were synthesized. Unfortunately, 
the potency of these compounds did not exceed that of Hit- 1 (C- 04 
to C- 10). In the second step, we optimized R2 with R1 fixed as the 
optimal group and R3 as its original group. Again, we transferred 
the - OCF3 group on the benzene ring from metaposition to para-
position or orthoposition. Compound C- 11 with paratrifluo-
romethoxyphenyl at R2 showed obviously improved potency but 

C- 12 with ortho- trifluoromethoxyphenyl did not (SI Appendix, 
Fig. S4). Removing of - OCF3 group also significantly decreased 
the activity (C- 13). These results indicate that the parasubstitution 
benefits to potency enhancement. Therefore, we used various sub-
groups on the paraposition and prepared 10 compounds (C- 14 to 
C- 23). Nine of them showed antagonistic activity against GPR34 
and C- 20 (hereafter named as YL- 365), bearing a 3- chloro- biphenyl 
group at R2, showed the highest activity with an IC50 value of 
17 nM. Third, we fixed R1 and R2 as their optimal groups and 
optimized R3. The carboxyl group was removed or replaced by 
methoxycarbonyl, carboxymethyl, carbamoyl, and tetrazolyl (C- 24 
to C- 28). Some of the leading compounds (C- 26, C- 27) showed 
antagonistic effect but their potency did not exceed that of YL- 365. 
Overall, the structural optimization and SAR analysis led to the 
identification of compound YL- 365, which showed a low- nanomolar 
potency (17 nM) against GPR34.

We further tested the activity of YL- 365 against GPR174 and 
P2Y10, as well as other GPCRs, including lipid receptors (LPA 
receptors, S1P receptors, GPR55, CB1 and CB2), P2Y receptor 
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(P2Y12R), chemokine receptor (CXCR5), adenosine receptor 
(A3AR), Gonadotropin- releasing hormone receptor (GnRH1R), 
angiotensin receptor (AGTR1), and acetylcholine receptors 
(CHRM1 and CHRM2). YL- 365 did not show activity against 
all the tested GPCRs (SI Appendix, Table S4). We then tested the 
activity of YL- 365 against human protein kinases, which are the 
most important signaling transduction proteins and participate 
various physiological and pathological processes. YL- 365 did not 
show any inhibitory effect on a panel of 378 human protein 
kinases (SI Appendix, Table S5). All these data indicate that 
YL- 365 is a selective GPR34 antagonist.

Cryo- EM Structure of GPR34 Bound to YL- 365. To understand the 
interaction mode between YL- 365 and GPR34, we tried to solve 
the cryo- EM structure of inactivated GPR34 bound with YL- 365. 
To this end, we engineered the full- length human GPR34 by 
inserting a thermostable glycogen synthase domain of Pyrococcus 
abyssi (PGS) into ICL3 (30) to mark the orientation of the receptor 
for cryo- EM identification (SI Appendix, Fig. S5A). The purified 
GPR34- PGS was incubated with the antagonist YL- 365 in vitro 
to obtain the inactive form of GPR34 (SI Appendix, Fig. S5 B 
and C). Single- particle cryo- EM resulted in the three- dimensional 
reconstruction of GPR34- YL- 365 at 3.3 Å resolution (Fig. 3A). The 
high- resolution cryo- EM map allowed unambiguous assignment 
of the majority of GPR34, except the flexible intracellular loops 
including N157- I166 of ICL2 and G2425.62- Y2616.30 (Fig. 3B 
and SI Appendix, Fig.  S6). Additional density was observed in 
the orthostatic ligand- binding pocket of GRP34 surrounded by 
TM3- 5, which was modelled as YL- 365 (Fig. 3 A and B). The 
antagonist orientation was validated by Q- score analysis of 0.45, 
which is comparable to the average Q- score of models built at 
such resolution (31).

The overall structure of the inactive GPR34 is similar to that 
of the active GPR34 (Figs. 1 B and C and 3 A and B). A disulfide 
bond could also be formed between C204ECL2 and C1273.25 in 
inactive GPR34 stabilizing the ECL2 in a U- shape, which is highly 
conserved in class A GPCR superfamily (32) (Fig. 3C). The con-
figuration of GPR34 in the GPR34- YL- 365 complex shows high 
homology to the inactive form of P2Y family proteins (12, 33), 
with RMSD of 1.01 Å, 0.98 Å, 1.23 Å over all Cα atoms when 
compared with the antagonist- bound P2Y1R (34), P2Y12R (35) 
and the classic class A receptor β2AR (36), respectively (SI Appendix, 
Fig. S7A). The hallmark of GPCR inactive conformation, the 
inward incline of the intracellular end of TM6, is observed in the 
GPR34- YL- 365 structure (SI Appendix, Fig. S7 A and B). This 
rearrangement triggers the closure of the cytoplasmic pocket to 
prevent the coupling of the receptor with downstream effectors, 
resulting the inactivated receptor. On the other hand, TM5 and 
TM4 show distinctiveness from other classic A GPCR structures, 
with the intracellular tip of TM5 shifted inward and TM4 shifts 
outward from the center of the 7TM bundles, significantly, pro-
viding space for antagonist binding (SI Appendix, Fig. S7B).

The antagonist YL- 365 binds into the lateral open cavity sur-
rounded by TM3- 5 and forms extensive hydrophobic interactions 
within the elongated binding pocket with the helix residues that 
are distinct from those in GPR174 and P2Y10 (Fig. 3 C and D and 
SI Appendix, Fig. S7C), the nonconservation of residues in the 
hydrophobic groove formed by TM3- 5 may be the major reason 
leading to the selectivity of YL- 365. The 4- benzyloxyphenyl moiety 
(R1) of YL- 365 makes tight hydrophobic interactions with L1814.52, 
I1774.48, I1433.41 and F1473.45, whereas the 3- chloro- biphenyl 
group (R2) forms hydrophobic interactions with T1323.30, Y1353.33 
and F2195.39 (Fig. 3 D and E). Consistent with the observation 
in the SAR analysis, substitutions at the metaposition or 

orthoposition in R1 (benzyloxy, SI Appendix, Fig. S4) would cause 
collision with the surrounding residues (I177 and I143), thus may 
lead to the reduced potency.

Comparison of GPR34- YL- 365 with inactive structures of other 
class A GPCRs can help us understand mechanistic insights into 
the conformational rearrangements induced by YL- 365 binding. 
The conserved “toggle switch” W6.48 in the class A GPCRs was 
postulated as the initial step in GPCR activation (37, 38), which 
is replaced by F(Y)6.48 in GPR34 and other P2Y family members 
(SI Appendix, Fig. S7D). The different reversals of F(Y)6.48 resulting 
from the binding of ligands of different potencies have been shown 
to be closely related with the conformational changes of the recep-
tor in the inactivated state (39). Comparison of the antagonist 
binding mode of GPR34 with carazolol binding in β2AR, YL- 365 
is further away from the “toggle switch” with the shortest distance 
of 12.7 Å compared with 3.4 Å in β2AR. However, it is also 
observed in the inactive structures of MRS2500- bound P2Y1R for 
18.8 Å and AZD1283- bound P2Y12R for 10.7 Å (SI Appendix, 
Fig. S7D). The similarity in the relative displacement of the “toggle 
switch” residue F(Y)6.48 suggests that YL- 365 may adopt a mech-
anism more similar to that of P2Y family- related antagonists to 
induce conformational rearrangements of the receptor in the inac-
tivated state (34, 35).

To validate the observed antagonist binding mode, we per-
formed a series of mutagenesis studies and cell- based pharmaco-
logical assays. Individual alanine mutations of residues K1283.26, 
Y1353.34, Y1393.37, L1814.52, and E2165.36, which are the key 
residues forming the hydrophobic pocket accommodating the 
antagonist, evidently reduced receptor inhibition by YL- 365 
(Fig. 3 D and F and SI Appendix, Fig. S7E). In particular, 
L1814.52A and E2165.36A substantially reduced the potency of 
YL- 365 by approximately 10-  to 30- folds. We next performed a 
500- ns MD simulation of GPR34 bound to YL- 365, which reveals 
that YL- 365 resides in the pocket of GPR34 stably (SI Appendix, 
Fig. S7F).

Comparison of Active/Inactive Structures Reveals the Underlying 
Mechanism for GPR34 Activation and Antagonist Inhibition. The 
endogenous agonist- bound active and antagonist- bound inactive 
GPR34 structures determined here offer us an opportunity to 
understand the underlying mechanism for the receptor activation 
and antagonist inhibition. Superposition of the active and inactive 
GPR34 structures reveals notable differences in both the extracellular 
and cytoplasmic regions. When sensing the endogenous agonist 
LysoPS (18:1), ECL2, the extracellular ends of TM4, TM5, and 
TM6 in GPR34 shifted inward, shrinking the OBP of receptor 
(Fig. 4A). At the cytoplasmic side, remarkable extension of TM5 
and outward movement of TM6 or TM7 were observed, allowing 
Gi- protein coupling (Fig. 4A and SI Appendix, Fig. S8A).

To understand the detailed mechanism of GPR34 activation, 
we first analyzed the structural changes upon the receptor activa-
tion. As is seen in Fig. 4B, the antagonist YL- 365 doesnot contain 
hydrophilic head and loses the interactions within the TM bun-
dles. By contrast, the hydrophilic head of LysoPS (18:1) occupies 
the core region of helical bundles, and connects TM3 with TM5 
or TM6 by making direct interactions with Y1353.33, N2205.40, 
or Q2936.62, which results in notable displacement and inward 
movement of the residues N2205.40 and Q2936.62 upon activation 
(Fig. 4B). Moreover, we also noticed that the distance between 
the critical activation residues Y1353.33 and R2866.55 decreased 
upon agonist binding (Fig. 4B).

We then inspected critical microswitch residues required for 
receptor activation. In the activation process of GPR34, the polar 
interaction between N2205.40 and LysoPS (18:1) results in 
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movement of TM5 toward TM6 and rearrangement of F6.48 and 
I5.50- I3.40- F6.44 (I- I- F) motif (SI Appendix, Fig. S8B). A similar man-
ner was observed in β2AR or μOR activation, respectively (40, 41) 
(SI Appendix, Fig. S8B). In GPR34, the residue I3.40 that undergoes 
subtle rearrangement forms direct contacts with F6.44 and F6.48, we 
next explore the functional role of the residues I3.40 as well as I5.50 
for GPR34 activation, alanine replacements of I3.40 and I5.50 in 
GPR34 significantly reduced the receptor activation induced by 
LysoPS (18:1) (SI Appendix, Fig. S8C), indicating that these two 
residues play a critical role in signaling transduction of GPR34. 
Compared with class A GPCRs, the “toggle switch” residue F6.48 of 

GPR34 is at a lower position than the equivalent residues W6.48 in 
μOR (40, 42) or β2AR (41, 43), which is packed against I3.40 of the 
canonical P- I- F microswitch that forms the core triad motif for 
receptor activation (44) (Fig. 4C). Therefore, in the structure of 
GPR34, F6.48 and I5.50- I3.40- F6.44 (I- I- F) together constitutes a core 
quaternary motif to trigger rearrangement of TM3, TM5, and TM6 
synergistically, thus acting as a central hub in responsible to sense 
ligand as well as induce receptor activation (Fig. 4C). The previous 
literatures have reported that the core quaternary (PIF- W)- like motif 
in CysLT1R and PAR1, in both structures, the microswitch residue 
F6.48 is located at a lower position in those relative to W6.48 in β2AR 
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(45, 46) (SI Appendix, Fig. S8D), and their studies suggest a different 
activation mechanism. Furthermore, by sequence alignment 
(SI Appendix, Fig. S8E), we also found that some receptors with 
available structures have F at position 6.48, which constitutes a 
different connector switch, suggesting that GPR34 and these recep-
tors may have similar activation mechanism. Our functional assays 
indicated that F6.48A and F6.44A mutation of GPR34 diminished 
receptor activation, whereas the F6.48A- F6.44A double mutations 
nearly impaired receptor activation (SI Appendix, Fig. S8C). In 

addition, structural comparison reveals a unique conformation of 
another critical activation motif D/N7.49P7.50xxY7.53 in TM7, espe-
cially for the residue Y7.53 (SI Appendix, Fig. S8F). In most of the 
active state class A GPCRs, Y7.53 along with the intracellular part of 
TM7 shifts toward the core helical bundle to form a polar network 
with Y5.58 and R3.50. Remarkably, in LysoPS (18:1)- activated GPR34 
structure, the side chain of Y7.53 rotated around 120° downward 
from the inactive state and pointed toward ICL1, leading to outward 
movement of TM7 instead, a similar noncanonical rotamer of Y7.53 
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was observed in complement receptor C5aR1 (47) (SI Appendix, 
Fig. S8F). Overall, all these observations suggest a particular activa-
tion mechanism for GPR34.

We subsequently figured out to explore the mechanism of antag-
onist inhibition. Compared with LysoPS (18:1), YL- 365 partially 
occupies the OBP of GPR34, with R2 and R3 groups overlapping 
with the acyl chain of LysoPS (18:1) (SI Appendix, Fig. S8G). Thus, 
YL- 365 can spatially compete with the agonist LysoPS (18:1), 
resulting in an antagonistic effect in some degree. Notably, the 
phenyl(piperidin- 1- yl) methanone group substitution of acyl chain 
at YL- 365 strongly enhances the interactions within the hydropho-
bic cleft formed by TM3- 5, further pushing the extracellular end 
of TM4 out by 4.4 Å, thus moving away from TM5 (SI Appendix, 
Fig. S8G). Such conformational changes lead to a wider open cleft 
between TM4 and TM5 in YL- 365- bound GPR34 structure. As a 
result, obvious displacements of M1894.60, F2195.39, L2235.43, and 
M2265.46 were observed (Fig. 4D). Subsequently, the alteration of 
TM5, especially for the aromatic residue F2275.47, strength contacts 
with the F6.48- I- I- F core quaternary motif (Fig. 4E), which stabilizes 
the receptor in inactive state. Unexpectedly, an ionic lock between 
E2165.36 and K196ECL2 at extracellular tips was observed in the 
structure of YL- 365 bound GPR34 (Fig. 4D), which may contrib-
ute to retention time of antagonist in orthosteric site, blocking the 
entry of the endogenous LysoPS (18:1) for receptor activation.

It is also noteworthy that the 4- benzyloxyphenyl moiety (R1) 
of YL- 365 was projected into the intracellular end of TM3 and 
TM4, engaging with an EBP composed by hydrophobic residues 
I1433.41, F1473.45, I1774.48 and L1814.52 (Fig. 4F). The result of 
cell- based functional assays indicated that the residue L1814.52 
contributes substantially to antagonism effect of YL- 365 
(SI Appendix, Fig. S8H). When further comparing with active 
GPR34, the aromatic side chain of F1473.45 in YL- 365- bound 
state has 72° rotation change (Fig. 4F). Such rearrangement 
allosterically caused slight change at intracellular end of TM3. 
Particularly, the residue R1523.50 from DRY (D3.39- R3.50- Y3.51) 
motif in TM3 required for receptor activation (48) was observed 
to form noncanonical interaction with T2646.33 in TM6, thus 
shrinking intracellular pocket with respect to G- protein coupling 
(SI Appendix, Fig. S8I). Obviously, these observations indicate a 
special antagonistic mechanism of YL- 365.

Pharmacological and Toxicological Effects of YL- 365. A previous 
study has shown that GPR34 was predominantly expressed by 
microglia in the dorsal horn after spinal nerve injury, which 
exacerbated neuropathic pain in mice. Therefore, we in this 
investigation intended to evaluate the therapeutic effect of 
YL- 365 in a mouse model of neuropathic pain, in which the 
L4 spinal nerve was cut off (Fig. 5A). Before performing the 
in vivo pharmacological experiments, we evaluated the in vitro 
and in vivo toxicity of YL- 365. In the 3- (4,5- dimethylthiazol- 
2- yl)- 2,5- diphenyl- 2H- tetrazolium bromide (MTT) assay, 
YL- 365 did not show cytotoxicity against a number of human 
normal cell lines, including HEK293, LX- 2, Beas 2B, and 
HUVEC (IC50 > 100 μM, SI Appendix, Table S7). Acute toxicity 
experiments on C57BL/6J mice showed that no mice died after 
i.p. (intraperitoneally) (200 mg/kg) treatment with YL- 365. 
In a repeated dose toxicity study, following 14 consecutive 
days i.p. administration of YL- 365 twice per day at the dose of 
100 mg/kg, mice did not show noticeable change in body weight 
(Fig. 5B) or any damage in diverse organs (SI Appendix, Fig. S9). 
Considering that GPR34 is also expressed in hematological 
system, the blood cell counts and other blood parameters were 
examined, and YL- 365 did not show any effects on these blood 

parameters (Fig. 5 C–G). All these results indicated low toxicity 
of YL- 365 to mice.

We next evaluated the pharmacokinetic (PK) properties in mice. 
When administered i.p. (20 mg/kg), YL- 365 showed area under 
the curve values of 6614.77 h*ng/mL (SI Appendix, Table S8). The 
half- life (T1/2) and the clearance rate (CL) were 1.315 h and 50.15 
mL/min/kg, respectively. These results indicated that YL- 365 has 
good PK properties when i.p. administrated.

Finally, the mouse model of neuropathic pain with the L4 spinal 
nerve being cut off was used to evaluate the therapeutic effect of 
YL- 365 (Fig. 5A). Our results showed that 5, 10, or 20 mg/kg i.p. 
administration of YL- 365 twice per day substantially reduced 
mechanical allodynia in a dose- dependent manner (Fig. 5H). To 
explore the mechanism underlying the antinociceptive effect of 
YL- 365, we detected the expression level of proinflammatory genes 
(IL- 6, IL- 1β and iNOS) in M1 microglia and anti- inflammatory 
genes (TIMP1, TGF- β and IL- 4) in M2 microglia during neuro-
pathic pain in the spinal cord; M1 and M2 microglia are distinct 
microglial phenotypes with M1 playing a deleterious role and M2 
a neuroprotective role (49, 50). YL- 365 evidently down- regulated 
the expression level of iNOS (Fig. 5I), but had no or very weak effect 
on other proinflammatory and anti- inflammatory genes (Fig. 5 I 
and J). These findings suggested that YL- 365 alleviated hyperalgesia 
in the mouse model of neuropathic pain via down- regulating the 
expression of iNOS in M1 microglia.

Discussion

LPLs including LPA, S1P, LPC, and LysoPS, are a group of 
lipid- signaling molecules that exert their effects via specific 
GPCRs. LPLs and their corresponding GPCRs are attracting 
attention due to their important roles in regulating various phys-
iological and pathophysiological processes, such as autoimmune 
diseases, neurodegenerative diseases, pain, cancer, and inflam-
mation. Among these LPLs/GPCRs, LPA and LPA receptors 
LPAR1–6, S1P and S1P receptors S1PR1–5, and LPC and LPC 
receptor GPR119 have been well studied (51–53); LPA receptors 
and S1P receptors have been identified as disease targets with 
several drugs targeting these receptors already entering clinical 
trials or approved for clinical use. However, LysoPS and its 
cognate GPCRs, including GPR34, GPR174, and P2Y10, have 
been rarely studied. Little had been known about the molecular 
mechanism of activation of these GPCRs, and there is a lack of 
potent and selective antagonists of these receptors. Of them, 
GPR34 is the first reported LysoPS receptor. Several lines of 
evidence have suggested pathological roles of GPR34 (12). For 
example, GPR34 has been found to highly express in microglia 
and the amount of LysoPS species became obvious in the dorsal 
horn after sensory nerve injury (5). LysoPS/GPR34 signal exac-
erbates neuropathic pain and accelerates the phagocytic activity 
of the cells in mice. GPR34 deficiency suppresses hyperalgesia 
in the mouse model of neuropathic pain. Nevertheless, whether 
small molecule antagonists of GPR34 could be used as thera-
peutical agents are unclear.

To reveal the activation mechanism and provide structural 
information for antagonist identification, we solved the 
cryo- EM structure of activated GPR34- Gi complex bound to 
LysoPS (18:1). Like other LPL receptors (24–26, 53), the 
ligand- binding pocket of GPR34 can be divided into a hydro-
philic head binding site and a hydrophobic groove. In particular, 
there are some significant differences from these LPL receptors 
in GPR34 structure. The hydrophilic head of S1P, LPA, or LPC 
binds into a polar pocket consisting of TM1, TM2, and TM7 
in S1PR3, LPAR1, or GPR119. However, LysoPS (18:1) 
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occupies the hydrophilic pocket formed by TM3, TM6, and 
TM7. In addition, the lipid tail of S1P, LPA, or LPC makes 
engagement with the “toggle switch” residue W6.48 in S1PR3 
(24), LPAR1 (25) or GPR119 (26). Nevertheless, the binding 
site of LysoPS (18:1) in GPR34 is 14.4 to 15.8 Å away from 
the equivalent residue F6.48 (SI Appendix, Fig. S10A). Moreover, 
N- terminal regions in S1PRs and LPARs fold helical cap that 
constitutes ligand- binding pocket and were reported to limit 
access of ligand to the orthosteric site from extracellular region 
(22, 25, 54, 55) (SI Appendix, Fig. S2 F and G). Instead, the 
OBP in GPR119 or GPR34 is capped by ECL2 that forms a 
lid over the extracellular vestibules (SI Appendix, Fig. S2 E and 
H). Notably, ECL2 regions fold different conformations in two 
receptors, the lower half of ECL2 in GPR119 folds into a helical 
turn- like shape and the side chain of F158ECL2 is observed to 
insert into the OBP near TM6, which results in that the hydro-
phobic tail of LPC inserts deeply into the TM bundle core 
(SI Appendix, Fig. S10B). However, the whole ECL2 region of 
GPR34 folds into a U shape and the side chain of F205ECL2 is 
observed to insert into the pocket, which limits the projection 
of the hydrophilic head of LysoPS (18:1) toward TM1 and 
TM2. In addition, the distribution of polar residues in GPR119 
or GPR34 is quite different, which results in a distinct binding 
pose of LPC and LysoPS (18:1) though the chemical structure 
is similar (SI Appendix, Fig. S10B). These differences suggest 

that LPL GPCRs may behave in distinct activation mechanisms 
in response to their specific ligands.

Combined with structural observation and functional experi-
ments, we revealed that both the hydrophilic and hydrophobic 
sites were important for GPR34 activation stimulated by LysoPS 
(18:1). Specially, consistent with previous SAR study (18), our 
mutagenesis studies further indicated that trimming the length of 
LysoPS (18:1) undermines activation of GPR34, suggesting that 
the hydrophobic cleft formed by TM3- 5 engaged in LysoPS (18:1) 
recognition, for instance Y1393.37 and L2235.43, were necessary to 
trigger signal transduction (SI Appendix, Fig. S3G). The distinct 
architectures of LPL- binding pockets in these lipid receptors appear 
to have determinant role for specific ligand recognition. More 
importantly, such unique characteristic of LysoPS (18:1)- bound 
GPR34 structure would contribute to design therapeutic agents 
with specific selectivity for diseases treatment.

By utilizing the solved cryo- EM structure of LysoPS 
(18:1)- bound GPR34, we retrieved an antagonist, Hit- 1. Here 
one may wonder why the agonist- bound active GPR34 structure 
was used for molecular docking, but an antagonist was obtained. 
In fact, the molecule we obtained can efficiently occupy the OBP 
of GPR34, hence preventing the agonist binding. In addition, 
the polar interaction network formed between the agonist and 
TM3/6/7 (residues Y1353.33, R2866.55, Y2896.58 and N3097.35) 
has been demonstrated to play a key determinant role in the 
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Fig. 5. Pharmacological and toxicological effects of YL- 365 in vivo. (A) The flow diagram of the in vivo antinociceptive experiments of YL- 365 in the mouse 
model of neuropathic pain. (B) Body weight variation over time of C57BL/6J mice treated with vehicle or YL- 365 (100 mg/kg, i.p., b.i.d.). Data are presented as 
averages ± SEM of five biological replicates. (C–G) Complete blood count analyses (white blood cells, neutrophils, lymphocytes, red blood cells, and platelets) and 
of peripheral blood samples harvested from mice at the end of 14- d treatment with vehicle or YL- 365 (100 mg/kg, i.p., b.i.d.). Data are presented as averages 
± SEM of five biological replicates. P values were analyzed with paired t tests. (H) Antinociceptive effects of YL- 365 in the mouse model of neuropathic pain. 
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activation of LysoPS receptor subfamily (18, 27). In order to 
retrieve antagonists, we have already filtered out molecules that 
might have potential to form such polar interaction network 
when we selected candidate molecules after molecular docking 
(SI Appendix, Methods section), indicating that the selected mol-
ecules do not have the ability to active the receptor. Subsequent 
structural optimization toward Hit- 1 offered a highly potent and 
selective GPR34 antagonist, YL- 365. Structural determination 
of GPR34 in complex YL- 365 revealed a binding site, including 
partial OBP and EBP, between TM3- TM5. YL- 365 occupies 
partially the orthosteric site, thereby competitively inhibiting 
LysoPS (18:1)- induced activation. On the other hand, the 
4- benzyloxyphenyl moiety extended into the EBP region and 
allosterically affected the conformational rearrangement of R3.50 
in the DRY motif, which is an important switch for activation or 
inhibition in GPCRs. In detail, in the structure of LysoPS 
(18:1)- bound GPR34, R1523.50 in the DRY motif forms hydro-
gen bonds with Y2385.58 in TM5 to stabilize the active state. 
However, in the antagonist YL- 365- bound structure, the confor-
mational changes switch the interaction from R1523.50- Y2385.58 
to R1523.50- T2646.33, stabilizing the inactive state of GPR34 
(SI Appendix, Fig. S8E). Particularly, structural comparison of 
active with inactive states reveals that F6.48 and I- I- F in the con-
nector layer of receptor forms a core quaternary motif, which acts 
as a central hub to induce rearrangement TM5 and TM6 and 
receptor activation (Fig. 4C).

The identified GPR34 antagonist YL- 365 showed potent activ-
ity against GPR34 with an IC50 value of 17 nM. This compound 
displayed excellent selectivity for GPR34 against other LPL 
receptors and protein kinases and exhibited favorable PK prop-
erties. In a mouse model of neuropathic pain, YL- 365 displayed 
outstanding antinociceptive effect, but did not show obvious 
toxicity. Mechanism studies indicated that YL- 365 treatment 
down- regulated the expression of iNOS in M1 microglia, hence 
suppressing proinflammatory responses of microglia and allevi-
ating hyperalgesia.

In summary, we solved the cryo- EM structures of both activated 
and inactivated GPR34, and provided mechanistic insights into the 
GPR34 activation and antagonist inhibition. Structure characteris-
tics of GPR34 reveal an unusual activation mechanism, and the 
unexpected hydrophobic cleft of TM3- TM5 for ligand recognition 
offers an opportunity for antagonist identification. By utilizing the 
structure of GPR34, we identified a potent and selective GPR34 
antagonist and have demonstrated its efficacy in the neuropathic 
pain model. Our findings highlight a great potential of GPR34 
antagonists in disease treatment. This study will undoubtedly start 
the upsurge of drug identification targeting LysoPS receptors.

Materials and Methods

Detailed description of cryo- EM sample preparation and data collection, molec-
ular docking, molecular dynamics simulations, Tango assay, BRET- based Gαi1- γ2 
dissociation assay, enzyme- linked immunosorbent assay, TGF- α shedding assay, 
GloSensor assay, IP- 1 detection assay, NanoBiT luciferase assay, kinase profiling 
assay, MTT assay, PK analysis, toxicity study, quantitative real- time PCR and in vivo 
neuropathic pain experiment are provided in SI Appendix.

Cell Culture. Unless specifically mentioned, cell lines used in this study were 
obtained from the American Type Culture Collection (ATCC), Cell Bank of Chinese 

Academy of Sciences. HEK- 293 (ATCC), HEK293T (ATCC), LX- 2 (Merck), Beas 2B 
(Cell Bank of Chinese Academy of Sciences) and HUVEC (ATCC) cells were cul-
tured in Dulbeccos Modified Eagle Medium (DMEM) (Gibco) supplemented with 
10% fetal bovine serum (FBS) (Cell- Box), 100 U/mL penicillin and 100 µg/mL 
streptomycin (Hyclone, SV30010). CHO- K1 cells (Cell Bank of Chinese Academy 
of Sciences) were cultured in DMEM/F12 medium (Gbico) supplemented 
with 10% FBS ||(Cell- Box), 100 U/mL penicillin and 100 µg/mL streptomycin 
(Hyclone, SV30010). HTLA cells were maintained in DMEM supplemented with 
10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 2 µg/mL puromycin, 
and 100 µg/mL hygromycin B. All cells were grown in a humidified incubator 
at 37 °C with 5% CO2.

Animals. The animals used in this study were all purchased from Gempharmatech 
Co. Ltd (Gempharmatech Co. Ltd) and maintained on a 12:12 light–dark cycle at 
a room temperature of 22 ± 1 °C.

Statistical Analysis. All data were analyzed with GraphPad Prism 8.0 software. 
Statistical comparison between different groups was performed by one- way 
ANOVA, paired two- tailed Student’s t test. Differences were considered statisti-
cally significant when P < 0.05.

Inclusion and Ethics Statement. This research posed no health, safety, secu-
rity, or other risk to researchers. The animal experiments were approved by the 
Institutional Animal Care and Use Committee, West China Hospital, Sichuan 
University (Permit Number: 20211016006). All animal experimental proce-
dures were conducted in accordance with the Regulations for the Administration 
of Affairs Concerning Experimental Animals approved by the State Council of 
People’s Republic of China.

Data, Materials, and Software Availability. Coordinates and cryo- EM maps 
data have been deposited in Protein Data Bank (PDB) and Electron Microscopy 
Data Bank (EMDB) (PDB: 8SAI (56) and 8IYX (57) EMDB: EMDB- 40270 (58) and 
EMDB- 35832 (59)).
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