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Abstract

Lysophosphatidylserine (LysoPS) is a naturally occurring lipid mediator involved in various
physiological and pathological processes especially those related to the immune system.
GPR34, GPR174, and P2Y10 have been identified as the receptors for LysoPS, and its ana-
logues have been developed as agonists or antagonists for these receptors. However, the
lack of structural information hinders the drug development with novel characteristics, such
as nonlipid ligands and allosteric modulators. Here, we determined the structures of human
GPR34 and GPR174 in complex with LysoPS and G protein by cryo-EM. Combined with
structural analysis and functional studies, we elucidated the lipid-binding modes of these
receptors. By structural comparison, we identified the structural features of GPR34 and
GPR174 in active state. Taken together, our findings provide insights into ligand recognition
and signaling of LysoPS receptors and will facilitate the development of novel therapeutics
for related inflammatory diseases and autoimmune diseases.

Introduction

Lysophospholipids (LPLs) are single-chain lipid mediators generated by phospholipid metabo-
lism and regulate various physiological processes including cell survival, proliferation, and
migration and play a role in many diseases of vascular, neurological, and metabolic systems
[1,2]. Lysophosphatidic acid (LPA), sphingosine 1-phosphate (S1P), lysophosphatidylserine
(LysoPS), and lysophosphatidylcholine (LPC) represent the most widely studied LPLs (S1A
Fig). Of these, LysoPS has been shown to be important in cell migration [3,4], cell differentia-
tion [5], and oxidative stress [6]. Additionally, LysoPS has been reported to induce mast cell
degranulation [7,8] and promote the phagocytosis of apoptotic cells [9]. In human, 3 G pro-
tein—coupled receptors have been identified as LysoPS receptors, namely, GPR34, GPR174,
and P2Y10. The first LysoPS receptor GPR34 was discovered through the observation of
LysoPS-induced inhibition of cAMP accumulation in GPR34-expressing CHO cells [8]. Subse-
quently, GPR174 and P2Y10 were found to activate Go;,,;3 in response to LysoPS, as demon-
strated by the transforming growth factor-a (TGFo) shedding assay [10].
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GPR34 is a Gi-coupled LysoPS receptor that exhibits high expression in microglia, mast
cells, lymphocytes, and macrophages [11] and is associated with immune and neurological dis-
orders (ref). In addition to its involvement in delayed hypersensitivity [12] and dendritic cell
apoptosis [13], GPR34 is also implicated in tissue repair, as it senses LysoPS released by apo-
ptotic neutrophils on type 3 innate lymphoid cells [14]. Activation of GPR34 has been linked
to neuropathic pain [15] and the development of salivary gland MALT lymphoma [16], indi-
cating its potential as a therapeutic target in these conditions. GPR174 is highly expressed in
lymph nodes and thymus and has been associated with autoimmune diseases such as Graves’
disease [17] and Addison’s disease [18]. GPR174 negatively regulates regulatory T cell (Treg)
proliferation and function through a Go,-dependent pathway in response to LysoPS and
inhibits CD4 T cell proliferation and activation by reducing IL-2 production. A recent study
also provides evidence for the role of GPR174 in regulating gene expression and function of B
cells via Goy [19]. In addition, GPR174 was found to induce B cell migration in response to
CCL21, which promotes GPR174-Goy; coupling in a sex-dependent manner [20]. However, the
role of Goi1»/15 pathway in GPR174 signaling is poorly understood, and the coupling of Go; to
GPR174 is relatively limited [21]. The Go.;,/13-coupled P2Y10 expressed in immune cells has
not been extensively studied. Specifically, P2Y10 has been reported to mediate eosinophils
degranulation [22] and facilitate chemokine-induced CD4 T cell migration [23]. Notably,
P2Y10 also responds to ATP as a purinergic receptor [23] and may also respond to S1P [24],
which distinguishes it from GRP34 and GPR174.

GPR174 primarily couples to the stimulatory G protein Gs, whereas GPR34 exclusively cou-
ples to the inhibitory G protein Gi/o [21,25], both of which exert their effects by regulation of
cAMP level in cells. However, the basis underlying G protein selectivity is not understood.
Furthermore, GPR174 shares a high homology (up to 48.2%) with the putative P2Y receptor
P2Y10, but a relatively low homology (28.5%) with GPR34, which was originally classified as a
P2Y-like orphan receptor. It is unclear whether GPR34 and GPR174 share the same recogni-
tion mechanism for LysoPS, which hinders rational drug design for LysoPS receptors. There-
fore, we used cryo-EM to determine the structures of GPR34 and GPR174 in complex with
LysoPS and their appropriated G proteins. In combination with mutagenesis and functional
assays, these structures reveal the basis for ligand recognition and G protein coupling of
LysoPS receptors. Our study provides valuable insights for structure-based drug design target-
ing LysoPS receptors.

Results
Structures of LysoPS-signaling complexes

We coexpressed the GPR34-Gi and GPR174-Gs signaling complexes in S9 insect cells and puri-
fied them in the presence of LysoPS (18:1), one the most widely used LysoPS in functional studies
of LysoPS receptors. ScFv16 and Nb35 were incorporated to stabilize the Gi and Gs complex,
respectively. The NanoBiT tethering strategy [26] was also utilized to facilitate the formation of
the complexes and improve the quality of cryo-EM samples. As a result, we successfully acquired
high-quality structures of LysoPS-bound GPR34-Gi complex and LysoPS-bound GPR174-Gs
complex at resolution of 2.91 A and 3.06 A, respectively (Figs 1A, 1C, S2 and S3 and S1 Table).
The well-defined density allowed for precise modeling of GPR34-Gi, GPR174-Gs complexes, and
the binding ligands. In both structures, we modeled LysoPS (18:1) into the density and found that
it fits well except that the last 6 carbons of the oleic acid have no density.

Notably, the lipid-binding pocket of both GPR34 and GPR174 is covered by a lid formed by
ECL2, which is stabilized by the conserved disulfide bond with TM3 (Fig 1B and 1D). Addi-
tionally, ECL2 also serves as part of the lipid-binding pocket, as seen in other lipid receptors.
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Fig 1. Overall structures of GPR34-Gi complex and GPR174-Gs complex. (A) Cryo-EM density map and model of GPR34-Gi complex. Density of LysoPS is
shown as mesh in the middle and colored plum. (B) The map and model of ECL2 of GPR34-Gi complex (extracellular view). (C) Cryo-EM density map and
model of GPR174-Gs complex. Density of LysoPS is shown as mesh in the middle and colored salmon. (D) The map and model of ECL2 of GPR174-Gs
complex (extracellular view). GPR34 is colored marine green. GPR174 is colored blue. ECL2 is colored orange. Goy, G, GB, and Gy subunits are colored gold,
cyan, pink, and light green, respectively. ScFv16 and Nb35 are colored grey.

https://doi.org/10.1371/journal.pbio.3002387.9001

Binding modes of LysoPS to GPR34 and GPR174

LysoPS binds to GPR34 by a specific interaction network between the ligand and the receptor’s
transmembrane domain (TMD) and ECL2 (Fig 2A). The polar head group of LysoPS is
accommodated in the central cavity of the TMD, where it forms hydrogen bonds and salt brid-
ges with several key residues. Specifically, the L-serine moiety of LysoPS interacts with TM6
and TM?7, with the carboxyl group forming a salt bridge with R286°>> and hydrogen bonds
with Y135°2? and N309”*°, while the amino group forms a salt bridge with E3107°, The phos-
phate group of LysoPS interacts with R208""? via a salt bridge. Additionally, the ester linkage
between the fatty acid and the polar head forms a hydrogen bond with N220°*. The formation
of the central pocket also involves hydrophobic interactions with several other residues,
including T132>%, Y289%°8 F2055°M2, and 1L3137°. The acyl tail of LysoPS is bound in a
hydrophobic subpocket formed by the sidechains of Y1397, L181*%%, A182*°°, M189*,
F219°%°, 1.223°*, and M226°*°. Mutagenesis studies using a Gi-dissociation assay in
HEK?293T cells with both 18:1 and 18:0 LysoPS (Figs 2B and S4) revealed that several residues
in contact with the polar head of LysoPS are critical for LysoPS-induced activation of GPR34,
including Y135>%%, F205"“", R286°%°, Y289°*%, E3097°, and E310”*°, which severely
impaired receptor activation when mutated to alanine (S4C and S4D Fig). L313”° mutation
moderately affected receptor activity. In contrast, R208"“"* mutation has little effect on recep-
tor activation, suggesting that this site may not be crucial for LysoPS-induced activation and
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Fig 2. Recognition of LysoPS by GPR34 and GPR174. (A) Interactions between LysoPS and GPR34. Polar interactions are depicted as black dashed lines. (B)
Normalized ABRET of GPR34 mutants in response to 10 M LysoPS relative to wild-type GPR34 in Gi-dissociation assays. (C) Interactions between LysoPS
and GPR174. Polar interactions are depicted as black dashed lines. The -7 interaction is depicted as a red dashed line. (D) Net cAMP accumulation of CHO
cells expressing GPR174 mutants in response to 10 uM LysoPS. WT-basal represents net cCAMP accumulation of cells expressing wild-type GPR174 in the
absence of exogenous LysoPS. Data represent mean + SEM from 3 independent experiments. Mutants with expression less than half that of the wild-type
receptor are labeled with red stars. The data used to generate graphs in Fig 2B and 2D are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002387.9002

could potentially be substituted by surrounding positively charged residues such as K128,

H199%¢2, H2065°2, and K2105°"2? in ligand binding. Mutations of most residues in the
hydrophobic subpocket have no effect on receptor activation, except for Y139°*7A, A182*°V,
and M189*°A (S4E Fig). These findings indicate that the recognition of LysoPS by GPR34 is
primarily mediated by specific interactions with the polar head group, while the hydrophobic
interactions with the acyl tail provide additional stability to the binding.

Previous evolutionary studies found that GPR34 receptors have existed for more than 450
million years and identified residues conserved during GPR34 evolution [27,28]. Of the resi-
dues involved in LysoPS recognition, Y135>%*, Y139**’, R208"“?, N220°*°, R286°",
Y289%°%, N30972°, E3107%%, and L313”*° of GPR34 are highly conserved during vertebrate
evolution. Notably, all 6 residues associated with LysoPS by polar interactions are conserved.
Most mutations of these residues impaired GPR34 activation except R208"“"* and N220°°
(Fig 2B).

GPR174 binds the polar head of LysoPS in a central pocket through extensive polar interac-
tions (Fig 2C). Specifically, the carboxyl group of the serine moiety forms salt bridges with
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R75*% and K982, and a hydrogen bond with Y99%%, while the amino group forms a hydro-
gen bond with Y79*%*, Additionally, the phosphate group forms ionic interactions with
R156*%* and K257%%, and the sn-2 hydroxyl group contacts Y246°>' by a hydrogen bond.
F169 and V170 of ECL2 participate in the formation of the central pocket by hydrophobic
interactions, with F169 further stabilizing the binding of the polar head through a cation-mn
interaction with R75*%. The acyl tail of LysoP$S binds in a narrow cleft formed by hydrophobic
residues from transmembrane helices 3 to 6, including Y1037, F152*%°, M185>%%, and
F250%°, with the double bond of the oleoyl group in contact with Y103**” through a n—n
interaction. G189°** and G193>“® on TMS5 provide space for the binding of the acyl group.
cAMP accumulation assays were performed in CHO cells to assess the contributions of the res-
idues involved in LysoPS binding (Figs 2D and S5). Mutations to alanine at the polar interac-
tion sites substantially impaired or even abolished LysoPS-induced cAMP accumulation, while
mutations of hydrophobic sites like F152A and Y103 A have similar effects.

We noticed the recently reported structure of the LysoPS (18:0)-GPR174-Gs complex [29]
and compared it with our LysoPS (18:1)-bound complex. Interestingly, the same polar head of
the 2 types of LysoPS binds to the central pocket with some unexpected differences (Fig 3A).
In our structure, the carboxyl group of the serine moiety does not form a hydrogen bond with
the main chain carbonyl of F169°“"2, and the hydrogen bond between the carbonyl group of
the ester linkage and R156*%* is also absent. Furthermore, we observed an additional -7
interaction between the double bond on the acyl group of LysoPS (18:1) and the phenol ring of
Y103, which may result in tighter binding (Fig 3B).

The interaction patterns of LysoPS with GPR34 and GPR174 are different. In both recep-
tors, the polar head binds in a positively charged central pocket (Fig 3C and 3D), but in con-
tacts with different sets of residues. In GPR34, the serine carboxyl and phosphate group of
LysoPS form ionic interactions with R286°°° and R2085“™, respectively (Fig 3C), while in
GPR174, their orientations are determined by K982 R75%°, R156*%*, and K257°°* (Fig 3D).
In GPR34, amino group of the serine in LysoPS forms a salt bridge with E310”%, whereas in
GPR174, it forms a hydrogen bond with Y79%*. The polar head of LysoPS makes more
charged interactions with GPR174, suggesting a tighter binding than with GPR34. Regarding
the hydrophobic tail, its orientation is mainly determined by the arrangement of TM4 and
TMS5 (Fig 3E and 3F), which are differentiated by prolines on them. In GPR34, there are no
prolines on TM4/5, including the conserved P**° among class A GPCRs. A curved path
extends against TM3 and TM4, further restricted by L223>**. In GPR174, P153*°! and
P197°*° result in a distinct arrangement of TM4 and TMS5, forming a straight path with hydro-
phobic residues from TM3-6. L>** is replaced by a glycine at position 5.42 in GPR174.

Opverall, our findings suggest that while GPR34 and GPR174 share similar binding modes
for LysoPS, they exhibit differences in the specific binding residues and the hydrophobic tail’s
orientation.

Lipid-binding modes of lysophospholipid receptors

The binding modes of several other LPLs have been illustrated by previous structural studies,
including LPA receptors [30-32], S1P receptors [33-39], and the LPC receptor GPR119 [40].
S1P receptors (S1P;_s) are known as the endothelial differentiation gene (EDG) family. LPA; 3
also belong to the EDG family, while LPA, ¢ belong to the P2Y family (S1B Fig). Meanwhile,
GPR34 and GPR174 are considered P2Y-like orphan receptors [1]. Notably, the binding
pocket of LysoPS in GPR34 or GPR174 is distinct from that of S1P, LPA, and LPC in their
respective receptors. Specifically, in the structure of GPR34 and GPR174, the polar head of
LysoPS is enveloped by the 7-TM bundles, while the hydrophobic tail extends to the cleft
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Fig 3. Comparison of LysoPS recognition by GPR34 and GPR174. (A) Interactions between GPR174 and the polar head of LysoPS (18:0) or LysoPS (18:1).
(B) Interactions between GPR174 and the acyl tail of LysoPS (18:0) or LysoPS (18:1). The double bond of LysoPS (18:1) is colored red; the corresponding single
bond in LysoPS (18:0) is colored orange. (C) Charged interactions between LysoPS and GPR34 in the positively charged pocket. (D) Charged interactions
between LysoPS and GPR174 in the positively charged pocket. (E) Structural superposition of LysoPS bound GPR34 and GPR174 (extracellular view). (F)
Comparison between acyl tails of LysoPS binding in GPR34 and GPR174. Polar or charged interactions are depicted as black dashed lines.

https://doi.org/10.1371/journal.pbio.3002387.9003

formed by TM3-5 (Fig 4A and 4B), thereby creating a semi-open pocket for LysoPS. Con-
versely, in the structures of endogenous ligand-bound S1P;, LPA;, and GPR119, the ligand-
binding pockets are almost occluded, wherein S1P, LPA, and LPC are surrounded by TM heli-
ces (Fig 4C-4E). Interestingly, in the crystal structure of LPAg, one of the monoolein mole-
cules, although incomplete, binds in a pocket similar to that of LysoPS in GPR34 and GPR174
(Fig 4F). Additionally, the platelet activating factor receptor (PAFR), another P2Y-like recep-
tor, is highly similar in sequence to GPR34. Docking analysis revealed that PAFR employs a
similar lipid-binding mode to that of GPR34 and GPR174 [41]. By comparing the ligand-bind-
ing modes of different LPL receptors, we suggest that the semi-open lipid-binding pocket may
be shared by other P2Y-like lipid receptors including LPA, ¢ and PAFR.

G protein coupling
GPR34 and GPR174 modulate cAMP level in cells via Gi and Gs pathways, respectively. We
analyzed the G protein-coupling profiles of these 2 receptors to gain insights into the basis of
their G protein selectivity.

The coupling mode between GPR34 and Gi resembles that of many Gi/o-coupled class A
GPCRs such as rhodopsin and cannabinoid receptor CB2. The structure of GPR34-Gi was
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https://doi.org/10.1371/journal.pbio.3002387.9004

compared with the structures of rhodopsin-Gi and CB2-Gi (Fig 5A and 5B). All of them adopt
a similar conformation at the o5 helix of Go;. However, TM6 of GPR34 exhibits a smaller out-
ward displacement at the intracellular end of TM6, which results in a more upright pose of the
05 helix. TM5 is not involved in the coupling between GPR34 and Go; subunit. The C termi-
nus of a5 inserts into a cavity mainly formed by TM3, TM6, and the linkage between TM7 and
H8. Specifically, R152*%°, N267%%¢, and $3327® form hydrogen bonds with main chain atoms
of C351, 353, and F354 of Gay, respectively (Fig 5C). In addition, 189*%°, K155>°?, 1156,
T264%%, M3307°°, and $3317” interact with 05 through hydrophobic interactions. ICL3 and
the intracellular end of TM6 binds to Goy; through additional interactions with o5 and 6. Spe-
cifically, N257°%° and Y261°>° form hydrogen bonds with K345 and D341, respectively.
Hydrophobic interactions between F255 and P256 of ICL3 and 1344, D337, Y320, and E318 of
Goy; further stabilize the interface (Fig 5D). Most mutations at the G protein—coupling sites
impaired activity of GPR34 (Figs 5E, S6A and S6B). Specifically, R152A and Y261A dramati-
cally impaired GPR34 activation.

Unexpectedly, GPR174 couples to Gs in a noncanonical manner compared with the well-
studied Gs-coupled receptor B,AR (Fig 5F). Specifically, the displacement of TM6 in GPR174
is substantially smaller than in B,AR, with a distance of 12.7 A at the Co. atom of the residue at
position 6.29. Furthermore, Go, adopts a distinct conformation at the C terminus of a5 helix
compared with the B,AR-Gs complex. Instead of turning back to interact with TM5 and TMS,

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002387 December 4, 2023 7/18


https://doi.org/10.1371/journal.pbio.3002387.g004
https://doi.org/10.1371/journal.pbio.3002387

PLOS BIOLOGY Ligand recognition and signaling of the lysophosphatidylserine receptors

F119,
GPR174-

g 'S > D128 g E N297
- _—
CCK,R-G O ke
H
E J

1 =107 )
% = induced
< & basal
2
S 6
S
£
3 47
o
©
o 2
H
<

2 o 0

& T T T T T T T T T T T & v. v. Y' Y’ v. v. v.

¥ AF o ¥ o ¥ AT P AV ¥ ¥ 2 T ¥
Q’Dhbbbb\uﬂe‘w o_,\mq,qu,rpg
PO EF P E L EF TN
ICL3 IcLA1 ICL2 ICL3

Fig 5. G protein coupling of GPR34 and GPR174. (A) Structural superposition of GPR34-Go; and rhodopsin-Go; (PDB: 6¢cmo). Rhodopsin is colored pink,
and Gi coupled to it is colored cyan. (B) Structural superposition of GPR34-Go; and CB2-Ga; (PDB: 6pt0). CB2 is colored brown, and Goj; coupled to it is
colored cyan. The displacements are indicated by arrows. (C) Interactions between the C terminus of 5 and GPR34. (D) Interactions between a:5/B6 of Go
and ICL3 of GPR34. (E) Relative intrinsic activity (RAi) plot of GPR34 mutants of the G protein-coupling sites in Gi-dissociation assays. RAi was calculated as
[Emax(test)/ECso(test)]/ [Epmax(WT)/ECso(WT)]. Ejpax and ECsg are from the averaged concentration-response curves of 3 independent experiments. (F)
Superposition of GPR174-Gos, BAR-Gas (PDB: 3sn6), and CCK,R-Go, (PDB: 7ezk). GPR174, B,AR, and CCRK,R are colored blue, light yellow, and
magenta, respectively. Go,, subunits in these structures are colored light blue, yellow, and plum, respectively. (G) Interactions between the C terminus of 0.5
helix and GPR174. (H) Interactions between Go, and ICL3 of GPR174. (I) Interactions between Ga, and ICL2 of GPR174. Polar interactions are depicted as
black dashed lines. (J) Basal activity and maximal LysoPS-induced activity of GPR174 mutants in cAMP accumulation assays. Data are from the averaged
concentration-response curves of 3 independent experiments. The data used to generate graphs in Fig 5E and 5] are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002387.g005

the C terminus of a5 helix reaches out like a bended finger to bind into a deeper cavity formed
by the TM7-HS8 linkage, TM1-3, ICL1, and ICL2. Inside this pocket, F119°>> of GPR174 pre-
vents the formation of a cation—m interaction between R116>>° and Y391 of Ga (S6C and S6D
Fig). Y391 rotates to the direction of ICL2 and forms a hydrogen bond with D128 (Fig 5G).
Cholecystokinin A receptor (CCK4R) was also reported to adopt a noncanonical Gs-coupling
mode. It shares a similar extent of TM6 displacement with GPR174 upon Gs binding (Fig 5F).
However, in CCK,R-Gs complex, the interaction between R*** and Y391 persists due to the
absence of a phenylalanine at position 3.53 (S6E Fig), which is unique to GPR174 and P2Y10
among class A GPCRs. In the GPR174-Gs complex, the C terminus of a5 helix binds to the
receptor by extensive polar interactions and hydrophobic interactions within the pocket (Fig
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5@G). The ICL3 loop, along with the intracellular end of TM5 and TM6, forms extensive polar
interactions with residues at a5 and B6 of Ga, including Y358, D381, Q384, and R385 (Fig
5H). Additionally, the ICL2 loop of GPR174 binds to the oN-o.5 domain of Go primarily
through hydrophobic interactions, including the binding of F124°*°" in the hydrophobic
pocket formed by H41, V217, F376, C379, R380, and 1383 (Fig 5I), as seen in B,AR-Gs com-
plex. For GPR174, some mutations at the G protein—coupling sites also impaired receptor acti-
vation (Figs 5, S6F and S6G). Notably, F124'“"*A nearly abolished both spontaneous activity
and LysoPS-induced activity. R53'“"' A and K225"“"?A also dramatically impaired GPR174
activation, suggesting the important roles of the intracellular loops of GPR174 in Gs coupling.
Overall, the GPR174-Gs complex exhibits a unique coupling mode characterized by the lack of
R**°-Y391 interaction and an unusual binding pocket for the C terminus of o5 helix, which
may have implications for drug discovery efforts targeting this receptor.

Discussion

LysoPS is a lipid mediator implicated in various pathological conditions, including inflamma-
tory and autoimmune diseases, which makes LysoPS receptors promising drug targets.

Structural analysis of GPR34 and GPR174 reveals a unique binding pocket for LysoPS,
comprising an inner polar subpocket and a lateral hydrophobic subpocket. Based on structural
and functional analysis, we find that GPR34 and GPR174 use different combinations of resi-
dues to recognize the polar head of LysoPS. GPR174 possesses a more positively charged
pocket that accommodates the polar head of LysoPS, which may partially account for its spon-
taneous activity [42].

In a preprint paper [43], the authors reported 2 cryo-EM structures of GPR34-Gi complex
bound with the LysoPS analogue S3E-LysoPS or its derivate M1. S3E-LysoPS is a sn-3 LysoPS
containing an ethoxy group at the sn-1 position, while what we used in our study is sn-1
LysoPS. M1 is a S3E-LysoPS derivate with the oleic acid substituted by an aromatic fatty acid.
Similarly, they also found that the ligand-binding pocket of GPR34 is laterally open toward the
membrane, and recognition of the serine moiety was realized by the charged cluster. More-
over, they found that the aromatic fatty acid surrogate of M1 forms stable hydrophobic inter-
actions with the ligand-binding pocket, which makes M1 a super-agonist. It is interesting to
see the structural basis underlying which GPR34 responds to both endogenous LysoPS and
LysoPS analogues from our works. In fact, S3E-LysoPS and sn-1 LysoPS share a similar struc-
ture, except that the sn-1 carbon of S3E-LysoPS lies on the sidechain, shortening the backbone
of S3E-LysoPS. And the carbonyl of the ester linkage is closer to R286°°°, with which it forms
an additional hydrogen bond. The authors also found that LysoPS produced on the outer leaf-
let of the plasma membrane by PS-PLALI is associated with the cells and enters the binding
pocket of GPR34 laterally to activate it. This provided convincing evidence that LysoPS can
enter the ligand-binding pocket from the lateral cleft between TM4 and TM5. And we think
this ligand-entry mechanism may also be shared by other P2Y-like receptors.

Our structures also provide insights into the structure-activity relationships of LysoPS ana-
logs [44,45]. From the structure, the fact that analogs with a methyl group at the B-position of
the serine moiety have no activity on GPR34 may possibly result from the steric hindrance
with Y135°2. On the other hand, substitution of the ester linkage with an amide bond confers
selectivity for GPR174, which may result from the different conformations of LysoPS mole-
cules in the structures of GPR34 and GPR174. The ester linkage of LysoPS in GPR174 is almost
identical to the trans configuration of an amide bond in conformation, while this is not the
case in GPR34 (Fig 2). Loss of flexibility prevents formation of the optimal binding conforma-
tion and leads to reduced potency towards GPR34. Additionally, substitution of the fatty acid
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with specific 3-(alkoxyphenyl)propionic acid enhances potency towards LysoPS receptors pos-
sibly by forming hydrophobic and aromatic interactions with specific residues in GPR34 and
GPR174. In GPR34, the benzene ring of the alkoxyphenyl group is expected to form hydro-
phobic interactions with M189 and F219. In GPR174, the benzene ring can also form aromatic
interactions with F152 and F250.

Collectively, these results provide valuable insights into the mechanisms of ligand recogni-
tion and signaling of LysoPS receptors, as well as a structural framework for rational drug
design targeting LysoPS receptors.

Materials and methods
Constructs

For structural studies, human GPR34 and GPR174 were codon optimized for expression in Sf9
insect cells and cloned into a modified pFastBacl vector. At the N terminus, a bovine prolactin
signal peptide was added, followed by a FLAG tag (DYKDDDD), an 8x His tag, an N-terminal
fragment of B, adrenergic receptor (BN, residues from 2 to 30), and a TEV site. Two copies of
BN were used at the same site for GPR174. At the C terminus, an LgBiT subunit linked by a
17-amino acid linker (HMGSSGGGGSGGGGSSG) was inserted before the stop codon. Resi-
dues after Q347 and L308 were truncated in GPR34 and GPR174, respectively. An engineered
Gay; protein with 4 mutations (DNGoy) [46] and a DN_miniGo, [47] used in previous studies
were also cloned into the pFastBacl vector. Human G, and Gy, were cloned into the pFast-
Bac-Dual vector with a 6x His tag at the N terminus of GB; and a HiBiT subunit linked by a
15-amino acid linker (GSSGGGGSGGGGSSG) at the C terminus of GB,. Nb35 was cloned
into the pMESy4 vector, with a pelB signal sequence at the N terminus and a 6x His tag at the
C terminus. And scFv16 with an AcNPV gp67 signal peptide at the N terminus and a TEV site
followed by an 8x His tag at the C terminus was cloned into the pFastBacl vector.

For functional assays, GPR34 or GPR174 of full length was cloned into the pcDNA3.1(+)
vector with an HA signal followed by a FLAG tag at the N terminus.

Protein expression and purification

Nb35 and scFv16 were prepared as previously reported [48,49]. Briefly, Nb35 was expressed at
BL21 E.coli cells and purified by His tag. scFv16 was expressed at Tni (HiFive) insect cells and
purified by His tag before digested with TEV enzyme to remove His tag. Purified Nb35 and
scFv16 were stored at —80°C before use.

GPR34-Gi or GPR174-Gs complex was coexpressed in Sf9 using the Bac-to-Bac system
(Invitrogen). S9 cells at the density of 2.5 x 10° cells per ml were infected with viruses for
receptor, Ga, and Gfy at the ratio of 1:1:1 and cultured at 27°C for 48 hours. Cells were col-
lected by centrifugation and resuspended in PBS before frozen in liquid nitrogen. Cells were
stored at —80°C before use.

Cells were thawed in precold lysis buffer consisting of 20 mM HEPES (pH 7.5), 50 mM
NaCl, 10 mM MgCl,, 5 mM CaCl,, 25 mU/ml apyrase, 2.5 pg/ml leupeptin, 150 ug/ml benza-
midine, and 100 uM TCEP and incubated at room temperature for 2 hours. Then, 18:1 LysoPS
(Avanti polar lipids) was added to the lysis buffer and all the following step at the concentra-
tion of 1 pM. The sample was centrifuged at 30,700 x g for 30 minutes to collect cell mem-
branes. The membranes were resuspended with a glass Dounce homogenizer in solubilization
buffer consisting of 20 mM HEPES (pH 7.5), 100 mM NaCl, 1% (w/v) lauryl maltose neopentyl
glycol (LMNG, Anatrace), 0.2% (w/v) cholesteryl hemisuccinate (CHS, Anatrace), 10% (v/v)
glycerol, 10 mM MgCl,, 5 mM CaCl,, 12.5 mU/ml apyrase, 2.5 pg/ml leupeptin, 150 pg/ml
benzamidine, and 100 uM TCEP and incubated at 4°C for 2 hours. The supernatant was
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isolated by centrifugation at 38,900 x g for 45 min, and then incubated with Ni resin at 4°C for
2 hours. After binding, the resin was washed with 20 column volumes of buffer A consisting of
20 mM HEPES (pH 7.5), 100 mM NaCl, 0.05% LMNG, 0.01% CHS, 2.5 pug/ml leupeptin,

150 pg/ml benzamidine, and 100 uM TCEP with 20 mM imidazole before bound protein was
eluted with 5 column volumes of buffer A containing 400 mM imidazole. The eluate was sup-
plemented with 2 mM CaCl, and incubated with M1 anti-FLAG resin (Sigma Aldrich) over-
night at 4°C. The resin was washed with 10 column volumes of buffer A supplemented with 2
mM CacCl,, and the protein was eluted with 3.5 column volumes of buffer A containing 5 mM
EDTA and 200 pug/ml FLAG peptide.

Nb35 or scFv16 was added at a ratio of 1.3:1 over the complex for GPR174-Gs or
GPR34-Gi, respectively. The complex was concentrated and loaded onto Superdex 200 10/300
GL column preequilibrated with running buffer containing 20 mM HEPES (pH 7.5), 100 mM
NacCl, 0.00075% (w/v) LMNG, 0.00025% (w/v) glyco-diosgenin (GDN, Anatrace), 0.00015%
(w/v) CHS, and 100 pM TCEP. Fractions containing monomeric complex were pooled and
concentrated for electron microscopy experiments.

Cryo-EM data acquisition

For GPR34-Gi complex, 3 ul purified protein at the concentration of 13 mg/ml was applied
onto a glow-discharged holey carbon grid (Quantifoil, Au200 R1.2/1.3). For GPR174-Gs com-
plex, 3 pl purified protein at the concentration of 3 mg/ml was applied onto a glow-discharged
holey Ni-Ti alloy grid (ANTcryo, Au300 R1.2/1.3). The grids were plunge frozen in liquid eth-
ane using Vitrobot Mark IV (Thermo Fisher Scientific). Data collection was performed on a
Titan Krios electron microscope at 300 kV accelerating voltage using a Gatan K3 Summit
direct electron detector with an energy filter. Micrographs were collected using the EPU soft-
ware in super-resolution mode with a calibrated pixel size of 0.535 A and a defocus range of

—1.2 to —2.2 um. Each movie was comprised of 32 frames with a total exposure dose of 55 ¢/
A%

Cryo-EM data processing

For GPR34-Gi complex, a total of 4,381 movie stacks were subjected to Patch motion correc-
tion and Patch CTF estimation in CryoSPARC [50]. A total of 8,530,353 particles were picked
by Template picker and then subjected to 2D classification to discard poorly defined particles.
After 3 rounds of 3D classification with Ab-initio reconstruction and Heterogeneous refine-
ment, a subset with 304,493 particles were selected for Non-Uniform refinement [51]. The par-
ticles were imported into Relion [52] and classified by 3D classification without alignment.
The classification was focused on the receptor by a mask. The best class was selected for Non-
Uniform refinement, which generated a map with an indicated global resolution of 2.91 A at a
Fourier shell correlation (FSC) of 0.143 (S2 Fig).

For GPR174-Gs complex, 2,043 movies were imported into CryoSPARC [50] and prepro-
cessed by Patch motion correction and Patch CTF correction. Approximately 1,486 micro-
graphs with reasonable total motion distance and CTF resolution were selected for further
processing. 2D templates for particle picking were created by Blob picker and 2D classification
using 100 micrographs. A total of 2,561,330 particles were picked by Template piker from all
micrographs. The particles were subjected to 2D classification, and 533,772 particles were
selected for 3D reconstruction. Particles were classified by Heterogeneous Refinement using
templates generated by Ab-initio Reconstruction. Then, 329,915 particles from the best 2 clas-
ses were selected for another round of 3D classification. Finally, 132,808 particles were selected
and processed by Non-uniform Refinement [51]. The map was further improved by Local
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Refinement with a global mask, resulting in a map at resolution of 3.06 A estimated by gold-
standard FSC at the threshold of 0.143 (S3 Fig). Local resolution was estimated in CryoSPARC.
And the final map was locally filtered based on local resolution for model building and
visualization.

Model building and refinement

Structures of GPR34 and GPR174 predicted by AlphaFold [53,54] were used as initial models
for the receptors. The coordinates of DNGi and scFv16 were derived from the structure of
D2R-Gi-scFv16 complex (PDB: 7JVR) [47], and the coordinates of miniGs and Nb35 were
derived from the structure of D1R-Gs-Nb35 complex (PDB: 7JVQ) [47]. Different subunits
were docked into the density maps in UCSF Chimera. Then, the initial models were manually
adjusted in Coot [55] and autorefined by Phenix [56]. Ligands were generated by the eELBOW
program in Phenix. The model statistics were calculated by MolProbity [57] (S1 Table).

G protein-dissociation assay

The function of GPR34 and its mutants was analyzed by a G protein-dissociation assay based
on the TRUPATH platform [58]. HEK293T cells were transfected with wild-type or mutant
GPR34, Goj;-Rluc8, GBs, Gyo-GFP2 plasmid at the ratio of 1:1:1:1 in 6-cm dishes using lipo-
fectamine 3000 (Thermo Fisher Scientific). About 40 hours after transfection, cells were col-
lected by trypsin-EDTA treatment and resuspended in BRET buffer (1x HBSS, 25 mM HEPES
(pH 7.4), 0.1% BSA). Cells were plated in 96-well white wall, white-bottom plates at the density
of 100,000 cells in 30 ul per well. Then, 30 pl substrate solution with 15 pM coelenterazine
400a (Nanolight Technology) in BRET buffer was added to each well, and the plate was incu-
bated at room temperature for 5 minutes. Finally, 30 pl 3x LysoPS (18:1 or 18:0) diluted in
BRET buffer at different concentrations was added to each well. The plate was incubated at
room temperature for 5 minutes before tested on a SpectraMax iD5 (Molecular Devices)
microplate reader. BRET signal was measured using 515 nm and 410 nm emission filters.
BRET ratio (515 nm/410 nm) was normalized to the ligand-free control before further analysis.
Outcomes of 3 independent assays (each in triplicate) were used to calculate a concentration-
response curve with a 3-parameter logistic function. All curves were further aligned by the
“Bottom” parameter.

cAMP accumulation assay

The function of GPR174 and its mutants was analyzed by cAMP accumulation assay with a
cAMP HTREF kit (Cisbio). CHO-K1 cells were transfected with wild-type or mutant GPR174
plasmids in 12-well plates using lipofectamine 3000 (Thermo Fisher Scientific). About 44
hours after transfection, cells were collected by trypsin-EDTA treatment and resuspended in
Stimulation buffer supplemented with 0.5 mM IBMX. Cells were plated in 384-well plates at
the density of 2,500 cells in 5 ul per well. And 5 pl 2x LysoPS (18:1) diluted in Stimulation
buffer with 0.5 mM IBMX at different concentrations was added to each well. The plate was
incubated at 37°C for 30 minutes. Then, 10 pul detection solution with Eu-cAMP and d2-anti-
body was added to each well. Then, the plate was incubated at room temperature for 1 hour
before tested on a SpectraMax iD5 (Molecular Devices) microplate reader. FRET signal was
measured at the excitation wavelength of 340 nm and the emission wavelength of 665 nm and
616 nm using filters. Outcome of 3 independent assays (each in duplicate) was used for analy-
sis. The HTREF ratio (665 nm/616 nm) was transformed into the concentration of cAMP by a
standard curve. The concentration-response curve was calculated with a 3-parameter logistic
function.
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Expression analysis of mutants

The expression of GPR34 or GPR174 and their mutants was analyzed by flow cytometry. In
consistence with the functional assays, HEK293T and CHO-K1 cells were used for GPR34 and
GPR174, respectively. Cells were transfected with wild-type or mutant receptor plasmid in
24-well plates using lipofectamine 3000 (Thermo Fisher Scientific). After 2 days, cells were col-
lected by trypsin-EDTA treatment and resuspended in HBSS. Cells at a density of 40,000 to
60,000 cells in 20 pl was mixed with 20 pl anti-FLAG M2-FITC antibody (Sigma Aldrich, for
GPR34) or Alexa Fluor 647 anti-FLAG antibody (Abcam, for GPR174) diluted in TBS buffer
with 4% BSA. The sample was incubated at 4°C for 20 minutes before 160 pl HBSS with 5 mM
HEPES (pH 7.4) was added. Fluorescence signal was measured on CytoFLEX (Beckman), and
10,000 cells were recorded for each sample. Single cells were defined by setting FSC/SSC
thresholds, and the median fluorescence intensity was used to evaluate receptor expression.
Data were normalized to the expression level of wild-type receptor (100%) and mock-trans-
fected cells (0%). Outcomes of 3 independent assays (each in duplicate) were used for analysis.

Supporting information

S1 Fig. Lysophospholipids and lysophospholipid receptors. (A) Lysophospholipids. (B) Phy-
logenetic tree of lysophospholipid receptors. Sequence similarity analysis of EDG family recep-
tors, P2Y family receptors, and other lysophospholipid receptors. Multiple sequence alignment
was done with MUSCLE. Phylogenetic tree was calculated by neighbor-joining method and
displayed by iTOL. EDG family and P2Y family are colored red and green, respectively.

(TIF)

S2 Fig. GPR34-Gi complex preparation and cryo-EM data processing. (A) Cryo-EM image
processing workflow for GPR34-Gi complex. (B) SDS-PAGE profile of GPR34-Gi-scFv16
complex. Uncropped gel for S2B is provided in S1 Raw Images. (C) Representative cryo-EM
image (scale bar: 50 nm). (D) Representative 2D class averages (scale bar: 5 nm). (E) Angular
distribution plot of final particles. (F) The “gold-standard” FSC curves of the GPR34-Gi-
scFv16 complex. (G) Cryo-EM density maps and models of the 7 transmembrane helices
(TM1-7), Helix 8 (H8), a5 helix of Goy;, and the ligand of LysoPS 18:1 bound GPR34-Gi com-
plex are shown. The EM density is shown at the threshold of 0.3.

(TIF)

S3 Fig. GPR174-Gs complex preparation and cryo-EM data processing. (A and B) Size-
exclusion chromatography and SDS-PAGE profiles of GPR174-Gs-Nb35 complex. Uncropped
gel for S3B is provided in S1 Raw Images. (C) Representative cryo-EM image (scale bar: 50
nm). (D) Flow chart of cryo-EM data processing and local resolution of the final map. Density
of the ligand in the final map is indicated by a black dashed ellipse. (E) Representative 2D class
averages (scale bar: 5 nm). (F) Angular distribution plot of final particles. (G) The “gold-stan-
dard” FSC curves of the GPR174-Gs-Nb35 complex. (H) Density maps of the 7 transmem-
brane helices (TM1-7), Helix 8 (H8), a5 helix of Go, and LysoPS bound in GPR174-Gs
complex are shown. The EM density is shown at the threshold of 0.276.

(TIF)

$4 Fig. Functional data of GPR34. (A) Activity of GPR34 induced by 18:1 or 18:0 LysoPS in
the Gi-dissociation assay. (B) Expression of GPR34 mutants in HEK293T cells. (C-E) Concen-
tration-response curves of GPR34 mutants in the Gi-dissociation assay. Data represent

mean + SEM from at least 3 independent experiments. The data used to generate graphs in
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S4A-S4E are available in S1 Data.
(TIF)

S5 Fig. Functional data of GPR174. (A) Expression of GPR174 mutants in CHO cells. (B-D)
Concentration-response curves of GPR174 mutants in the cAMP accumulation assay. Data
represent mean + SEM from 3 independent experiments. The data used to generate graphs in
S5A-S5D are available in S1 Data.

(TIF)

S6 Fig. Functional data of G protein coupling. (A) Concentration-response curves of GPR34
mutants in the Gi-dissociation assay. (B) Expression of GPR34 mutants in HEK293T cells. (C-
E) Details of Go, binding by GPR174 (C), B,AR (D, PDB: 3sn6), and CCK4R (E, PDB: 7ezk).
(F) Concentration-response curves of GPR174 mutants in the cAMP accumulation assay. (G)
Expression of GPR174 mutants in CHO cells. All data represent mean + SEM from at least 3
independent experiments. The data used to generate graphs in S6A, S6B, S6F, and S6G are
available in S1 Data.

(TIF)

S1 Table. Cryo-EM data collection, model refinement, and validation statistics.
(DOCX)

S1 Data. Data used for graphs in Figs 2B, 2D, 5E, 5], S4A-S4E, S5A-S5D, S6A, S6B, S6F
and S6G.
(XLSX)

S$1 Raw Images. Uncropped Coomassie-stained SDS-PAGE gels used for S2B and S3B Figs.
(PDF)

Acknowledgments

We thank the Cryo-EM Center at University of Science and Technology of China for the sup-
port of cryo-EM data collection. We thank Dr Yongxiang Gao for assistance with cryo-EM
data screening and collection.

Author Contributions

Conceptualization: Xuan Zhang, Weimin Gong.
Investigation: Guibing Liu, Xiu Li, Yujing Wang, Xuan Zhang.
Methodology: Guibing Liu, Xiu Li, Xuan Zhang.

Supervision: Xuan Zhang, Weimin Gong.

Visualization: Guibing Liu, Xiu Li.

Writing - original draft: Guibing Liu, Xiu Li.

Writing - review & editing: Xuan Zhang, Weimin Gong.

References

1.  Makide K, Uwamizu A, Shinjo Y, Ishiguro J, Okutani M, Inoue A, et al. Novel lysophosphoplipid recep-
tors: their structure and function. J Lipid Res. 2014; 55(10):1986—1995. Epub 2014/06/04. https://doi.
org/10.1194/jlr. R046920 PMID: 24891334; PubMed Central PMCID: PMC4173991.

2. YanagidaK, Valentine WJ. Druggable lysophospholipid signaling pathways. Adv Exp Med Biol. 2020;
1274:137-176. Epub 2020/09/08. https://doi.org/10.1007/978-3-030-50621-6_7 PMID: 32894510.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002387 December 4, 2023 14/18


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002387.s005
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002387.s006
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002387.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002387.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002387.s009
https://doi.org/10.1194/jlr.R046920
https://doi.org/10.1194/jlr.R046920
http://www.ncbi.nlm.nih.gov/pubmed/24891334
https://doi.org/10.1007/978-3-030-50621-6%5F7
http://www.ncbi.nlm.nih.gov/pubmed/32894510
https://doi.org/10.1371/journal.pbio.3002387

PLOS BIOLOGY

Ligand recognition and signaling of the lysophosphatidylserine receptors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lee SY, Lee HY, Kim SD, Jo SH, Shim JW, Lee HJ, et al. Lysophosphatidylserine stimulates chemotac-
tic migration in U87 human glioma cells. Biochem Biophys Res Commun. 2008; 374(1):147-151. Epub
2008/07/12. https://doi.org/10.1016/j.bbrc.2008.06.117 PMID: 18616930.

Park KS, Lee HY, Kim MK, Shin EH, Jo SH, Kim SD, et al. Lysophosphatidylserine stimulates L2071
mouse fibroblast chemotactic migration via a process involving pertussis toxin-sensitive trimeric G-pro-
teins. Mol Pharmacol. 2006; 69(3):1066—1073. Epub 2005/12/22. https://doi.org/10.1124/mol.105.
018960 PMID: 16368894.

Lourenssen S, Blennerhassett MG. Lysophosphatidylserine potentiates nerve growth factor-induced
differentiation of PC12 cells. Neurosci Lett. 1998; 248(2):77-80. Epub 1998/07/08. https://doi.org/10.
1016/s0304-3940(98)00275-4 PMID: 9654346.

Ginsburg |, Ward PA, Varani J. Lysophosphatides enhance superoxide responses of stimulated human
neutrophils. Inflammation. 1989; 13(2):163—174. Epub 1989/04/01. https://doi.org/10.1007/
BF00924787 PMID: 2547711.

Martin TW, Lagunoff D. Interactions of lysophospholipids and mast cells. Nature. 1979; 279(5710):250—
252. Epub 1979/05/17. https://doi.org/10.1038/279250a0 PMID: 86956

Sugo T, Tachimoto H, Chikatsu T, Murakami Y, Kikukawa Y, Sato S, et al. Identification of a lysopho-
sphatidylserine receptor on mast cells. Biochem Biophys Res Commun. 2006; 341(4):1078-1087.
Epub 2006/02/08. https://doi.org/10.1016/j.bbrc.2006.01.069 PMID: 16460680.

Frasch SC, Zemski-Berry K, Murphy RC, Borregaard N, Henson PM, Bratton DL. Lysophospholipids of
different classes mobilize neutrophil secretory vesicles and induce redundant signaling through G2A. J
Immunol. 2007; 178(10):6540-6548. Epub 2007/05/04. https://doi.org/10.4049/jimmunol.178.10.6540
PMID: 17475884.

Inoue A, Ishiguro J, Kitamura H, Arima N, Okutani M, Shuto A, et al. TGFa shedding assay: an accurate
and versatile method for detecting GPCR activation. Nat Methods. 2012; 9(10):1021-1029. Epub 2012/
09/18. https://doi.org/10.1038/nmeth.2172 PMID: 22983457.

Mele M, Ferreira PG, Reverter F, DeLuca DS, Monlong J, Sammeth M, et al. Human genomics. The
human transcriptome across tissues and individuals. Science. 2015; 348(6235):660-665. Epub 2015/
05/09. https://doi.org/10.1126/science.aaa0355 PMID: 25954002; PubMed Central PMCID:
PMC4547472.

Liebscher |, Muller U, Teupser D, Engemaier E, Engel KM, Ritscher L, et al. Altered immune response
in mice deficient for the G protein-coupled receptor GPR34. J Biol Chem. 2011; 286(3):2101-2110.
Epub 2010/11/26. https://doi.org/10.1074/jbc.M110.196659 PMID: 21097509; PubMed Central PMCID:
PMC3023507.

Jager E, Schulz A, Lede V, Lin CC, Schoneberg T, Le Duc D. Dendritic cells regulate GPR34 through
mitogenic signals and undergo apoptosis in its absence. J Immunol. 2016; 196(6):2504—2513. Epub
2016/02/07. https://doi.org/10.4049/jimmunol. 1501326 PMID: 26851221.

Wang X, Cai J, LinB,Ma M, Tao Y, Zhou Y, et al. GPR34-mediated sensing of lysophosphatidylserine
released by apoptotic neutrophils activates type 3 innate lymphoid cells to mediate tissue repair. Immu-
nity. 2021; 54(6):1123-1136 e8. Epub 2021/06/10. https://doi.org/10.1016/j.immuni.2021.05.007
PMID: 34107271.

Sayo A, Konishi H, Kobayashi M, Kano K, Kobayashi H, Hibi H, et al. GPR34 in spinal microglia exacer-
bates neuropathic pain in mice. J Neuroinflammation. 2019; 16(1):82. Epub 2019/04/13. https://doi.org/
10.1186/s12974-019-1458-8 PMID: 30975169; PubMed Central PMCID: PMC6458787.

Korona B, Korona D, Zhao W, Wotherspoon AC, Du MQ. GPR34 activation potentially bridges lym-
phoepithelial lesions to genesis of salivary gland MALT lymphoma. Blood. 2022; 139(14):2186-2197.
Epub 2021/06/05. https://doi.org/10.1182/blood.2020010495 PMID: 34086889.

Chu X, Shen M, Xie F, Miao XJ, Shou WH, Liu L, et al. An X chromosome-wide association analysis
identifies variants in GPR174 as a risk factor for Graves’ disease. J Med Genet. 2013; 50(7):479-485.
Epub 2013/05/15. https://doi.org/10.1136/jmedgenet-2013-101595 PMID: 23667180; PubMed Central
PMCID: PMC3686253.

Napier C, Mitchell AL, Gan E, Wilson |, Pearce SH. Role of the X-linked gene GPR174 in autoimmune
Addison’s disease. J Clin Endocrinol Metab. 2015; 100(1):E187-E190. Epub 2014/10/09. https://doi.
org/10.1210/jc.2014-2694 PMID: 25295623.

Wolf EW, Howard ZP, Duan L, Tam H, Xu Y, Cyster JG. GPR174 signals via Gas to control a CD86-
containing gene expression program in B cells. Proc Natl Acad Sci U S A. 2022; 119(23):e2201794119.
Epub 2022/06/01. https://doi.org/10.1073/pnas.2201794119 PMID: 35639700; PubMed Central
PMCID: PMC9191659.

Zhao R, Chen X, Ma W, Zhang J, Guo J, Zhong X, etal. A GPR174-CCL21 module imparts sexual
dimorphism to humoral immunity. Nature. 2020; 577(7790):416—420. Epub 2019/12/27. https://doi.org/
10.1038/s41586-019-1873-0 PMID: 31875850.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002387 December 4, 2023 15/18


https://doi.org/10.1016/j.bbrc.2008.06.117
http://www.ncbi.nlm.nih.gov/pubmed/18616930
https://doi.org/10.1124/mol.105.018960
https://doi.org/10.1124/mol.105.018960
http://www.ncbi.nlm.nih.gov/pubmed/16368894
https://doi.org/10.1016/s0304-3940%2898%2900275-4
https://doi.org/10.1016/s0304-3940%2898%2900275-4
http://www.ncbi.nlm.nih.gov/pubmed/9654346
https://doi.org/10.1007/BF00924787
https://doi.org/10.1007/BF00924787
http://www.ncbi.nlm.nih.gov/pubmed/2547711
https://doi.org/10.1038/279250a0
http://www.ncbi.nlm.nih.gov/pubmed/86956
https://doi.org/10.1016/j.bbrc.2006.01.069
http://www.ncbi.nlm.nih.gov/pubmed/16460680
https://doi.org/10.4049/jimmunol.178.10.6540
http://www.ncbi.nlm.nih.gov/pubmed/17475884
https://doi.org/10.1038/nmeth.2172
http://www.ncbi.nlm.nih.gov/pubmed/22983457
https://doi.org/10.1126/science.aaa0355
http://www.ncbi.nlm.nih.gov/pubmed/25954002
https://doi.org/10.1074/jbc.M110.196659
http://www.ncbi.nlm.nih.gov/pubmed/21097509
https://doi.org/10.4049/jimmunol.1501326
http://www.ncbi.nlm.nih.gov/pubmed/26851221
https://doi.org/10.1016/j.immuni.2021.05.007
http://www.ncbi.nlm.nih.gov/pubmed/34107271
https://doi.org/10.1186/s12974-019-1458-8
https://doi.org/10.1186/s12974-019-1458-8
http://www.ncbi.nlm.nih.gov/pubmed/30975169
https://doi.org/10.1182/blood.2020010495
http://www.ncbi.nlm.nih.gov/pubmed/34086889
https://doi.org/10.1136/jmedgenet-2013-101595
http://www.ncbi.nlm.nih.gov/pubmed/23667180
https://doi.org/10.1210/jc.2014-2694
https://doi.org/10.1210/jc.2014-2694
http://www.ncbi.nlm.nih.gov/pubmed/25295623
https://doi.org/10.1073/pnas.2201794119
http://www.ncbi.nlm.nih.gov/pubmed/35639700
https://doi.org/10.1038/s41586-019-1873-0
https://doi.org/10.1038/s41586-019-1873-0
http://www.ncbi.nlm.nih.gov/pubmed/31875850
https://doi.org/10.1371/journal.pbio.3002387

PLOS BIOLOGY

Ligand recognition and signaling of the lysophosphatidylserine receptors

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Inoue A, Raimondi F, Kadji FMN, Singh G, Kishi T, Uwamizu A, et al. llluminating G-protein-coupling
selectivity of GPCRs. Cell. 2019; 177(7):1933-1947 e25. Epub 2019/06/05. https://doi.org/10.1016/j.
cell.2019.04.044 PMID: 31160049; PubMed Central PMCID: PMC6773469.

Hwang SM, Kim HJ, Kim SM, Jung Y, Park SW, Chung |Y. Lysophosphatidylserine receptor P2Y10: A
G protein-coupled receptor that mediates eosinophil degranulation. Clin Exp Allergy. 2018; 48(8):990—
999. Epub 2018/04/28. https://doi.org/10.1111/cea.13162 PMID: 29700886.

Gurusamy M, Tischner D, Shao J, Klatt S, Zukunft S, Bonnavion R, et al. G-protein-coupled receptor
P2Y10 facilitates chemokine-induced CD4 T cell migration through autocrine/paracrine mediators. Nat
Commun. 2021; 12(1):6798. Epub 2021/11/25. https://doi.org/10.1038/s41467-021-26882-9 PMID:
34815397; PubMed Central PMCID: PMC8611058.

Murakami M, Shiraishi A, Tabata K, Fujita N. Identification of the orphan GPCR, P2Y(10) receptor as
the sphingosine-1-phosphate and lysophosphatidic acid receptor. Biochem Biophys Res Commun.
2008; 371(4):707-712. Epub 2008/05/10. https://doi.org/10.1016/j.bbrc.2008.04.145 PMID: 18466763.

Lu S, Jang W, Inoue A, Lambert NA. Constitutive G protein coupling profiles of understudied orphan
GPCRs. PLoS ONE. 2021; 16(4):e0247743. Epub 2021/04/23. https://doi.org/10.1371/journal.pone.
0247743 PMID: 33886554; PubMed Central PMCID: PMC8062009.

Duan J, Shen DD, Zhou XE, Bi P, Liu QF, Tan YX, et al. Cryo-EM structure of an activated VIP1 recep-
tor-G protein complex revealed by a NanoBiT tethering strategy. Nat Commun. 2020; 11(1):4121. Epub
2020/08/19. https://doi.org/10.1038/s41467-020-17933-8 PMID: 32807782; PubMed Central PMCID:
PMC7431577.

Schulz A, Schoneberg T. The structural evolution of a P2Y-like G-protein-coupled receptor. J Biol
Chem. 2003; 278(37):35531-35541. Epub 2003/07/02. https://doi.org/10.1074/jbc.M303346200 PMID:
12835326.

Schoneberg T, Meister J, Knierim AB, Schulz A. The G protein-coupled receptor GPR34—The past 20
years of a grownup. Pharmacol Ther. 2018; 189:71-88. Epub 2018/04/24. https://doi.org/10.1016/j.
pharmthera.2018.04.008 PMID: 29684466.

Liang J, Inoue A, lkuta T, Xia R, Wang N, Kawakami K, et al. Structural basis of lysophosphatidylserine
receptor GPR174 ligand recognition and activation. Nat Commun. 2023; 14(1):1012. Epub 2023/02/24.
https://doi.org/10.1038/s41467-023-36575-0 PMID: 36823105; PubMed Central PMCID:
PMC9950150.

Chrencik JE, Roth CB, Terakado M, Kurata H, Omi R, Kihara Y, et al. Crystal structure of antagonist
bound human lysophosphatidic acid receptor 1. Cell. 2015; 161(7):1633-1643. Epub 2015/06/20.
https://doi.org/10.1016/j.cell.2015.06.002 PMID: 26091040; PubMed Central PMCID: PMC4476059.

Akasaka H, Tanaka T, Sano FK, Matsuzaki Y, Shihoya W, Nureki O. Structure of the active G(i)-coupled
human lysophosphatidic acid receptor 1 complexed with a potent agonist. Nat Commun. 2022; 13
(1):5417. Epub 2022/09/16. https://doi.org/10.1038/s41467-022-33121-2 PMID: 36109516; PubMed
Central PMCID: PMC9477835 declare no competing interests.

Taniguchi R, Inoue A, Sayama M, Uwamizu A, Yamashita K, Hirata K, et al. Structural insights into
ligand recognition by the lysophosphatidic acid receptor LPA(6). Nature. 2017; 548(7667):356—360.
Epub 2017/08/10. https://doi.org/10.1038/nature23448 PMID: 28792932.

Yul, Hel, Gan B, TiR, Xiao Q, Hu H, et al. Structural insights into sphingosine-1-phosphate receptor
activation. Proc Natl Acad Sci U S A. 2022; 119(16):e2117716119. Epub 2022/04/13. https://doi.org/10.
1073/pnas.2117716119 PMID: 35412894; PubMed Central PMCID: PMC9169846.

Xu Z, Ikuta T, Kawakami K, Kise R, Qian Y, Xia R, et al. Structural basis of sphingosine-1-phosphate
receptor 1 activation and biased agonism. Nat Chem Biol. 2022; 18(3):281-288. Epub 2021/12/24.
https://doi.org/10.1038/s41589-021-00930-3 PMID: 34937912.

Yuan', Jia G, Wu C, Wang W, Cheng L, Li Q, et al. Structures of signaling complexes of lipid receptors
S1PR1 and S1PR5 reveal mechanisms of activation and drug recognition. Cell Res. 2021; 31
(12):1263—1274. Epub 2021/09/17. https://doi.org/10.1038/s41422-021-00566-x PMID: 34526663;
PubMed Central PMCID: PMC8441948.

Chen H, Chen K, Huang W, Staudt LM, Cyster JG, Li X. Structure of S1PR2-heterotrimeric G(13) sig-
naling complex. Sci Adv. 2022; 8(13):eabn0067. Epub 2022/03/31. https://doi.org/10.1126/sciadv.
abn0067 PMID: 35353559; PubMed Central PMCID: PMC8967229.

Maeda S, Shiimura 'Y, Asada H, Hirata K, Luo F, Nango E, et al. Endogenous agonist-bound S1PR3
structure reveals determinants of G protein-subtype bias. Sci Adv. 2021; 7(24). Epub 2021/06/11.
https://doi.org/10.1126/sciadv.abf5325 PMID: 34108205; PubMed Central PMCID: PMC8189593.

Zhao C, Cheng L, Wang W, Wang H, Luo Y, Feng Y, et al. Structural insights into sphingosine-1-phos-
phate recognition and ligand selectivity of S1PR3-Gi signaling complexes. Cell Res. 2022; 32(2):218—
221. Epub 2021/09/22. https://doi.org/10.1038/s41422-021-00567-w PMID: 34545189; PubMed Cen-
tral PMCID: PMC8807817.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002387 December 4, 2023 16/18


https://doi.org/10.1016/j.cell.2019.04.044
https://doi.org/10.1016/j.cell.2019.04.044
http://www.ncbi.nlm.nih.gov/pubmed/31160049
https://doi.org/10.1111/cea.13162
http://www.ncbi.nlm.nih.gov/pubmed/29700886
https://doi.org/10.1038/s41467-021-26882-9
http://www.ncbi.nlm.nih.gov/pubmed/34815397
https://doi.org/10.1016/j.bbrc.2008.04.145
http://www.ncbi.nlm.nih.gov/pubmed/18466763
https://doi.org/10.1371/journal.pone.0247743
https://doi.org/10.1371/journal.pone.0247743
http://www.ncbi.nlm.nih.gov/pubmed/33886554
https://doi.org/10.1038/s41467-020-17933-8
http://www.ncbi.nlm.nih.gov/pubmed/32807782
https://doi.org/10.1074/jbc.M303346200
http://www.ncbi.nlm.nih.gov/pubmed/12835326
https://doi.org/10.1016/j.pharmthera.2018.04.008
https://doi.org/10.1016/j.pharmthera.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29684466
https://doi.org/10.1038/s41467-023-36575-0
http://www.ncbi.nlm.nih.gov/pubmed/36823105
https://doi.org/10.1016/j.cell.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26091040
https://doi.org/10.1038/s41467-022-33121-2
http://www.ncbi.nlm.nih.gov/pubmed/36109516
https://doi.org/10.1038/nature23448
http://www.ncbi.nlm.nih.gov/pubmed/28792932
https://doi.org/10.1073/pnas.2117716119
https://doi.org/10.1073/pnas.2117716119
http://www.ncbi.nlm.nih.gov/pubmed/35412894
https://doi.org/10.1038/s41589-021-00930-3
http://www.ncbi.nlm.nih.gov/pubmed/34937912
https://doi.org/10.1038/s41422-021-00566-x
http://www.ncbi.nlm.nih.gov/pubmed/34526663
https://doi.org/10.1126/sciadv.abn0067
https://doi.org/10.1126/sciadv.abn0067
http://www.ncbi.nlm.nih.gov/pubmed/35353559
https://doi.org/10.1126/sciadv.abf5325
http://www.ncbi.nlm.nih.gov/pubmed/34108205
https://doi.org/10.1038/s41422-021-00567-w
http://www.ncbi.nlm.nih.gov/pubmed/34545189
https://doi.org/10.1371/journal.pbio.3002387

PLOS BIOLOGY

Ligand recognition and signaling of the lysophosphatidylserine receptors

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lyapina E, Marin E, Gusach A, Orekhov P, Gerasimov A, Luginina A, et al. Structural basis for receptor
selectivity and inverse agonism in S1P(5) receptors. Nat Commun. 2022; 13(1):4736. Epub 2022/08/
13. https://doi.org/10.1038/s41467-022-32447-1 PMID: 35961984; PubMed Central PMCID:
PMC9374744.

XuP,Huang S, Guo S, Yun 'Y, Cheng X, He X, et al. Structural identification of lysophosphatidylcholines
as activating ligands for orphan receptor GPR119. Nat Struct Mol Biol. 2022; 29(9):863-870. Epub
2022/08/16. https://doi.org/10.1038/s41594-022-00816-5 PMID: 35970999.

Cao C, TanQ, XuC, He L, Yang L, Zhou Y, et al. Structural basis for signal recognition and transduction
by platelet-activating-factor receptor. Nat Struct Mol Biol. 2018; 25(6):488—495. Epub 2018/05/29.
https://doi.org/10.1038/s41594-018-0068-y PMID: 29808000.

Sugita K, Yamamura C, Tabata K, Fujita N. Expression of orphan G-protein coupled receptor GPR174
in CHO cells induced morphological changes and proliferation delay via increasing intracellular cAMP.
Biochem Biophys Res Commun. 2013; 430(1):190-195. Epub 2012/11/28. https://doi.org/10.1016/j.
bbrc.2012.11.046 PMID: 23178570.

Izume T, Kawahara R, Uwamizu A, Chen L, Yaginuma S, Omi J, et al. Structural basis for lysophospha-
tidylserine recognition by GPR34. bioRxiv [Preprint]. 2023.02.15.528751. Available from: https://www.
biorxiv.org/content/10.1101/2023.02.15.528751v1

Ikubo M, Inoue A, Nakamura S, Jung S, Sayama M, Otani Y, et al. Structure-activity relationships of
lysophosphatidylserine analogs as agonists of G-protein-coupled receptors GPR34, P2Y10, and
GPR174. J Med Chem. 2015; 58(10):4204—-4219. Epub 2015/05/15. https://doi.org/10.1021/jm5020082
PMID: 25970039.

Uwamizu A, Inoue A, Suzuki K, Okudaira M, Shuto A, Shinjo Y, et al. Lysophosphatidylserine analogues
differentially activate three LysoPS receptors. J Biochem. 2015; 157(3):151-160. Epub 2014/10/17.
https://doi.org/10.1093/jb/mvu060 PMID: 25320102.

Qi X, Liu H, Thompson B, McDonald J, Zhang C, Li X. Cryo-EM structure of oxysterol-bound human
Smoothened coupled to a heterotrimeric Gi. Nature. 2019; 571(7764):279-283. Epub 2019/06/07.
https://doi.org/10.1038/s41586-019-1286-0 PMID: 31168089; PubMed Central PMCID: PMC6777001.

Zhuang Y, Xu P, Mao C, Wang L, Krumm B, Zhou XE, et al. Structural insights into the human D1 and
D2 dopamine receptor signaling complexes. Cell. 2021; 184(4):931-942 e18. Epub 2021/02/12. https://
doi.org/10.1016/j.cell.2021.01.027 PMID: 33571431; PubMed Central PMCID: PMC8215686.

Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, et al. Crystal structure of the
beta2 adrenergic receptor-Gs protein complex. Nature. 2011; 477(7366):549-555. Epub 2011/07/21.
https://doi.org/10.1038/nature 10361 PMID: 21772288; PubMed Central PMCID: PMC3184188.

Koehl A, Hu H, Maeda S, Zhang Y, Qu Q, Paggi JM, et al. Structure of the y-opioid receptor-Gi protein
complex. Nature. 2018; 558(7711):547-552. Epub 2018/06/15. https://doi.org/10.1038/s41586-018-
0219-7 PMID: 29899455; PubMed Central PMCID: PMC6317904.

Punjani A, Rubinstein JL, Fleet DJ, Brubaker MA. cryoSPARC: algorithms for rapid unsupervised cryo-
EM structure determination. Nat Methods. 2017; 14(3):290-296. Epub 2017/02/07. https://doi.org/10.
1038/nmeth.4169 PMID: 28165473.

Punjani A, Zhang H, Fleet DJ. Non-uniform refinement: adaptive regularization improves single-particle
cryo-EM reconstruction. Nat Methods. 2020; 17(12):1214—-1221. Epub 2020/12/02. https://doi.org/10.
1038/s41592-020-00990-8 PMID: 33257830.

Zivanov J, Nakane T, Forsberg BO, Kimanius D, Hagen WJ, Lindahl E, et al. New tools for automated
high-resolution cryo-EM structure determination in RELION-3. Elife. 2018;7. Epub 2018/11/10. https://
doi.org/10.7554/eLife.42166 PMID: 30412051; PubMed Central PMCID: PMC6250425.

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein struc-
ture prediction with AlphaFold. Nature. 2021; 596(7873):583-589. Epub 2021/07/16. https://doi.org/10.
1038/s41586-021-03819-2 PMID: 34265844; PubMed Central PMCID: PMC8371605 have filed non-
provisional patent applications 16/701,070 and PCT/EP2020/084238, and provisional patent applica-
tions 63/107,362, 63/118,917, 63/118,918, 63/118,921 and 63/118,919, each in the name of DeepMind
Technologies Limited, each pending, relating to machine learning for predicting protein structures. The
other authors declare no competing interests.

Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, et al. AlphaFold Protein Struc-
ture Database: massively expanding the structural coverage of protein-sequence space with high-accu-
racy models. Nucleic Acids Res. 2022; 50(D1):D439-D444. Epub 2021/11/19. https://doi.org/10.1093/
nar/gkab1061 PMID: 34791371; PubMed Central PMCID: PMC8728224.

Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta Crystallographica Section
D. 2004;60(12 Part 1):2126—2132. https://doi.org/10.1107/S0907444904019158 PMID: 15572765

Liebschner D, Afonine PV, Baker ML, Bunkoczi G, Chen VB, Croll Tl, et al. Macromolecular structure
determination using X-rays, neutrons and electrons: recent developments in Phenix. Acta Crystallogr D

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002387 December 4, 2023 17/18


https://doi.org/10.1038/s41467-022-32447-1
http://www.ncbi.nlm.nih.gov/pubmed/35961984
https://doi.org/10.1038/s41594-022-00816-5
http://www.ncbi.nlm.nih.gov/pubmed/35970999
https://doi.org/10.1038/s41594-018-0068-y
http://www.ncbi.nlm.nih.gov/pubmed/29808000
https://doi.org/10.1016/j.bbrc.2012.11.046
https://doi.org/10.1016/j.bbrc.2012.11.046
http://www.ncbi.nlm.nih.gov/pubmed/23178570
https://www.biorxiv.org/content/10.1101/2023.02.15.528751v1
https://www.biorxiv.org/content/10.1101/2023.02.15.528751v1
https://doi.org/10.1021/jm5020082
http://www.ncbi.nlm.nih.gov/pubmed/25970039
https://doi.org/10.1093/jb/mvu060
http://www.ncbi.nlm.nih.gov/pubmed/25320102
https://doi.org/10.1038/s41586-019-1286-0
http://www.ncbi.nlm.nih.gov/pubmed/31168089
https://doi.org/10.1016/j.cell.2021.01.027
https://doi.org/10.1016/j.cell.2021.01.027
http://www.ncbi.nlm.nih.gov/pubmed/33571431
https://doi.org/10.1038/nature10361
http://www.ncbi.nlm.nih.gov/pubmed/21772288
https://doi.org/10.1038/s41586-018-0219-7
https://doi.org/10.1038/s41586-018-0219-7
http://www.ncbi.nlm.nih.gov/pubmed/29899455
https://doi.org/10.1038/nmeth.4169
https://doi.org/10.1038/nmeth.4169
http://www.ncbi.nlm.nih.gov/pubmed/28165473
https://doi.org/10.1038/s41592-020-00990-8
https://doi.org/10.1038/s41592-020-00990-8
http://www.ncbi.nlm.nih.gov/pubmed/33257830
https://doi.org/10.7554/eLife.42166
https://doi.org/10.7554/eLife.42166
http://www.ncbi.nlm.nih.gov/pubmed/30412051
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
http://www.ncbi.nlm.nih.gov/pubmed/34791371
https://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
https://doi.org/10.1371/journal.pbio.3002387

PLOS BIOLOGY Ligand recognition and signaling of the lysophosphatidylserine receptors

Struct Biol. 2019; 75(Pt 10):861-877. Epub 2019/10/08. https://doi.org/10.1107/S2059798319011471
PMID: 31588918; PubMed Central PMCID: PMC6778852.

57. Williams CJ, Headd JJ, Moriarty NW, Prisant MG, Videau LL, Deis LN, et al. MolProbity: More and bet-
ter reference data for improved all-atom structure validation. Protein Sci. 2018; 27(1):293-315. Epub
2017/10/27. https://doi.org/10.1002/pro.3330 PMID: 29067766; PubMed Central PMCID:
PMC5734394.

58. Olsen RHJ, DiBerto JF, English JG, Glaudin AM, Krumm BE, Slocum ST, et al. TRUPATH, an open-
source biosensor platform for interrogating the GPCR transducerome. Nat Chem Biol. 2020; 16
(8):841-849. Epub 2020/05/06. https://doi.org/10.1038/s41589-020-0535-8 PMID: 32367019; PubMed
Central PMCID: PMC7648517.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002387 December 4, 2023 18/18


https://doi.org/10.1107/S2059798319011471
http://www.ncbi.nlm.nih.gov/pubmed/31588918
https://doi.org/10.1002/pro.3330
http://www.ncbi.nlm.nih.gov/pubmed/29067766
https://doi.org/10.1038/s41589-020-0535-8
http://www.ncbi.nlm.nih.gov/pubmed/32367019
https://doi.org/10.1371/journal.pbio.3002387

