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Molecular recognition and activation of the 
prostacyclin receptor by anti- pulmonary arterial 
hypertension drugs
James Jiqi Wang1,2, Sanshan Jin3,4, Heng Zhang1, Youwei Xu1, Wen Hu1, Yi Jiang3,4, Chen Chen2, 
Dao Wen Wang2*, H. Eric Xu1,4,5*, Canrong Wu1*

The prostacyclin (PGI2) receptor (IP) is a Gs- coupled receptor associated with blood pressure regulation, allergy, 
and inflammatory response. It is a main therapeutic target for pulmonary arterial hypertension (PAH) and several 
other diseases. Here we report cryo–electron microscopy (cryo- EM) structures of the human IP- Gs complex bound 
with two anti- PAH drugs, treprostinil and MRE- 269 (active form of selexipag), at global resolutions of 2.56 and 
2.41 angstrom, respectively. These structures revealed distinct features governing IP ligand binding, receptor ac-
tivation, and G protein coupling. Moreover, comparison of the activated IP structures uncovered the mechanism 
and key residues that determine the superior selectivity of MRE- 269 over treprostinil. Combined with molecular 
docking and functional studies, our structures provide insight into agonist selectivity, ligand recognition, recep-
tor activation, and G protein coupling. Our results provide a structural template for further improving IP- targeting 
drugs to reduce off- target activation of prostanoid receptors and adverse effects.

INTRODUCTION
Prostanoids are a class of oxygenated arachidonic acid metabolites 
that include prostacyclin (PGI2), prostaglandin D2 (PGD2), prosta-
glandin F2α (PGF2α), prostaglandin E2 (PGE2), and thromboxane A2 
(1). They provoke diverse biological functions in many tissues and cell 
types through directly interacting with their corresponding pros-
tanoid receptors: prostacyclin receptor (IP), PGD2 receptors (DP1 and 
DP2), PGE2 receptors (EP1 to EP4), PGF2α receptor (FP), and throm-
boxane receptor (TP), which constitute a subfamily that belongs to 
class A G protein–coupled receptor (GPCR) (2). IP is a member of 
prostanoid receptor that is encoded by gene PTGIR and is highly ex-
pressed in the lung, heart, kidney, and throughout the endothelium 
and smooth muscle cells of the vascular network (3) (https://protein-
atlas.org). The endogenous agonist PGI2 is generated by vascular en-
dothelium. Upon stimulation by PGI2, IP couples predominantly to 
the Gs subtype of G proteins, which leads to intracellular cyclic ade-
nosine monophosphate (cAMP) accumulation (4). Activated by PGI2, 
IP plays a pivotal role in regulating blood pressure, allergic responses, 
and inflammation, making it a valuable therapeutic target for pulmo-
nary arterial hypertension (PAH) and several other diseases (5, 6).

PAH is a progressive and often fatal disease characterized by 
chronic cellular proliferation and fibrosis of small pulmonary arter-
ies (7, 8). Unfortunately, it has a dismal prognosis. According to the 
National Institutes of Health, the median survival of PAH patients 
without targeted treatment is 2.8 years, and only 34% of patients 
survive for 5 years (9). IP agonists are one of the main therapeutic 
strategies for PAH targeting pulmonary vasculature signal pathway 

(10–13). Sodium salt of PGI2 (epoprostenol) and its analogs such as 
iloprost and treprostinil (TRE) were approved by the US Food 
and Drug Administration (FDA) during 1995–2004 for treatment of 
PAH (7, 14). However, clinical application of the approved IP ago-
nists was limited by its high rate of side effects, possibly caused by its 
low selectivity for IP (15, 16). Since then, selective IP agonists have 
attracted extensive attention and have been developed for the treat-
ment of PAH (17). In 2015, an orally selective IP agonist with a non-
prostanoid structure was approved by FDA (17). Its active form, 
MRE- 269 (MRE; {4- [(5,6- diphenylpyrazinyl) (1- methylethyl) amino] 
butoxy}- acetic acid), demonstrates relatively higher selectivity for IP 
than iloprost and TRE and showed significant reduction in compos-
ite end point of death and complication related to PAH (17). Al-
though having superior selectivity, MRE still partly activates EP2 
and EP4, with a dissociation constant of 5 μM (18). The lack of se-
lectivity to IP by synthetic agonists causes various side effects such 
as flushing, cough, headache, and dizziness, which limited the thera-
peutic use of them (19). Therefore, elucidating the molecular mech-
anisms underlying the functional selectivity of individual prostanoid 
receptor family members is highly important.

Among the nine prostaglandin receptors, active form structures are 
now limited to EP2, EP3, EP4, and FP (20–23). Extensive efforts have 
been made to clarify how the binding of agonists with various pharma-
cological profiles regulates IP downstream signaling, and molecular 
details defining the binding modes of ligands remain largely unknown, 
partly due to scarce structural information on ligand- bound IP com-
plex. Understanding the mechanism of IP signaling and identifying 
differences in ligand selectivity of prostaglandin receptors is urgently 
needed and can provide a structural basis for developing more selec-
tive drugs with improved safety and fewer adverse effects.

Here, we present two cryo–electron microscopy (cryo- EM) struc-
tures of G protein–coupled IP in complex with TRE and MRE, at 
global resolutions of 2.56 and 2.41 Å. Combined with functional 
characterizations of mutated receptors, these structures revealed 
conserved and divergent mechanisms of ligand binding, receptor ac-
tivation, and G protein coupling by IP.
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RESULTS
Cryo- EM analysis and overall structure
To facilitate the expression IP- Gs complexes, we used a BRIL tag con-
nected to the N terminus of wild- type (WT) IP. Also, 50 residues (S337 
to C386) were truncated from the C terminus of the receptor. We used 
the NanoBiT tethering strategy (24) to stabilize assembly of the IP- Gs 
complexes by fusing the large subunit (LgBiT) to C termini of IP and 
complementary peptide (HiBiT) to the C termini of the Gβ subunit. We 
used apyrase to form a nucleotide- free environment and added Nb35 to 
further stabilize the agonist- bound IP- Gs complex (25). Incubation 
of TRE/MRE with membranes from cells coexpressing receptors and 

heterotrimer Gs proteins in the presence of Nb35 enabled efficient 
assembly of the TRE/MRE- IP- Gs complexes, generating highly homo-
geneous complex samples for structural studies (Fig. 1, A and B).

The structure of IP- Gs complexes bound to TRE/MRE was deter-
mined by single- particle cryo- EM at global resolution of 2.56 and 2.41 Å 
(Fig. 1A, figs. S1 to S3, and table S1). A high- resolution cryo- EM den-
sity map enabled accurate model building for the receptor structure 
containing residues 4 to 312, except for two invisible residues in the 
intracellular loop 3 (ICL3) (residues 223 and 231). The density maps 
are also clear for two agonists, most residues of the Gs heterotrimer, 
and Nb35 (Fig. 1, A and B).
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Fig. 1. Cryo- EM structures of IP- Gs complexes. (A) cryo- eM density of iP- Gs complexes bound to tRe or MRe from different view angles. iP, blue; miniGαs, orange; Gβ, 
green; Gγ, red; nb35, purple. (B) Ribbon representation of tRe- iP- Gs complexes from different view angles. iP, blue; miniGαs, orange; Gβ, green; Gγ, red; nb35, purple; tRe, 
pink. (C) comparison of helix 8 (h8) from active iP with active eP2 [Protein data Bank (PdB) id: 7cX2] and active FP structure (PdB id: 8iUK). the direction of the h8 of iP is 
similar to FP but is different from eP2. iP, blue; eP2, orange; FP, pink. (D) comparison of tM3 and tM6 of active iP (blue) with active eP2 (orange, PdB id: 7cX2), FP (pink, 
PdB id: 8iUK), and inactive eP4 (green, PdB id: 5Yhl). the tM6 of iP showed outward movement compared to inactive eP4. (E) conserved disulfide bond between ecl2 
and tM3 in active iP (blue), eP2 (orange, PdB id: 7cX2), eP4 (green, PdB id: 7d7M), and FP (pink, PdB id: 8iUK).
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Overall, the active IP adopts the classic seven- transmembrane 
folding and G protein coupling manner. Helix 8 (H8) of IP was sim-
ilar to FP but showed an 82.5° rotation compared to EP2 (Fig. 1C). 
Regarding transmembrane helixes (TMs), activated IP has the ca-
nonical outward movement of TM6, which leads to a separation 
from TM3 (Fig. 1D). The separating distance of TM6 from TM3 and 
TM7 in IP is similar to activated EP2 and FP (Fig. 1D). At the extra-
cellular interface, the shape of extracellular loop 2 (ECL2) is similar 
to other prostanoid receptors, forming a β- hairpin loop that is stabi-
lized by the highly conserved disulfide bond between C923.25 and 
C170ECL2 (Fig. 1E). As in other prostanoid receptors, the extracellular 
region of IP is tightly capped by its β- hairpin ECL2, which mimics 
those of other prostanoid receptors such as EP2 and FP (Fig. 1E).

Recognition motif of PGI2 and PGI2 analog
TRE is a PGI2 analog approved for PAH therapy with enhanced sta-
bility compared to endogenous PGI2. Thus, it can be administered 
intravenously, orally, and via inhalation. The well- defined EM den-
sity allowed us to accurately assign the α chain, tricyclic ring, and an 
ω chain of TRE to the corresponding subpockets (Fig. 2, A to C).

The structure of IP bound to the agonist TRE shares impor-
tant general features with structures of other prostanoid receptors 

(Fig. 2B and fig. S5A) (20) while also exhibiting distinct conforma-
tional characteristics. The α chain of TRE fits into a hydrophilic sub-
pocket near the top of the receptor (Fig. 2A) formed by residues 
from TM1, TM7, and ECL2. The carboxyl group in the α chain of 
TRE formed a salt bridge with R2797.40 and hydrogen bonds with 
Y752.65 and S168ECL2 (Fig. 2, A to C). Alanine mutations of Y752.65, 
S168ECL2, and R2797.40 abolished IP activation by TRE (Fig. 2D and 
fig. S4; no active receptors). Motif Y752.65- S168ECL2- R2797.40 is con-
served among most of the prostanoid receptors (fig. S4). The elec-
trostatic contacts are the major driving force for the interactions 
between the α chain and the positively charged binding pocket of 
IP. In region B of TRE, the aromatic ring formed π- π interaction 
with W169ECL2 (Fig. 2, B and C). Hydrophobic residue V712.61 also 
plays a role in ligand binding by packing with α2 carbon. Mutation 
of V712.61 and W169ECL2 in IP to alanine also significantly reduced 
the potency of TRE to IP (Fig. 2D and fig. S4). Although IP has the 
conserved hydrophobic M/L3.32- L/F7.36 residues, only L2757.36 had a 
significant impact on TRE potency to IP (Fig. 2D and fig. S4). Ala-
nine mutation of M993.32, on the other hand, caused a significantly 
augmented self- activation (fig. S4). These results suggest that con-
served motif Y752.65- S168ECL2- R2797.40, W169ECL2, and L2757.36 plays 
an important role in the TRE- mediated activation of IP.
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To further elucidate the binding mechanisms of IP and its endoge-
nous ligands, we performed molecular docking to predict the pose of 
PGI2 bound to IP (fig. S5). The result showed that PGI2 adopts a similar 
binding pose as TRE, with predicted binding free energy values (ΔG) 
of −9.1 kcal/mol (fig. S5, A to C). The carboxyl group in the α chain of 
PGI2 also forms hydrogen bonds with Y752.65- S168ECL2- R2797.40 motif. 
Compared with TRE, PGI2 packs weaker with W169ECL2, which may 
explain its lower potency to IP than TRE (26, 27). As reported, other 
prostanoid ligands like PGE2 and PGF2α rely heavily on polar contacts 
with the receptor through oxygen atoms on their cyclopentane rings 
(fig. S5A). In contrast, PGI2 contains an additional ether ring that folds 
the hydroxyl group on region B inward, increasing hydrophobicity 
of this region. Correspondingly, IP adopts an increased hydrophobic 
binding pocket formed by unique residues F722.62, F2787.39, and 
A2827.43 (fig. S4D) that accommodates PGI2’s hydrophobic region B 
(fig. S5, B and C), explaining PGI2’s preference for IP. Moreover, un-
stable PGI2 is easily hydrolyzed into 6- keto- PGF1α, which contains a 
similar region B to other prostanoids and has weaker potency to IP (20, 
21, 28). To further validate whether the loss of affinity is caused by the 
structure rearrangement in region B, we performed molecular docking 
to predict the position of 6- keto- PGF1α bound to IP. The result showed 
that 6- keto- PGF1α adopts a similar binding pose as PGI2 with binding 
free energy values (ΔG) of −7.9 kcal/mol. The weaker affinity may be 
caused by decreased hydrophobic interactions in hydrolyzed region B 
(fig. S5D). In summary, these results elucidate IP’s unique recognition 
of PGI2’s hydrophobic region B. Although we observed similar binding 
position for MRE in the MRE- bound IP structure, substantial differ-
ences were found in regions B and C between the MRE and TRE bound 
IP structures, which will be thoroughly discussed in the next section.

Structural basis of ligand recognition selectivity for IP
Selexipag is a compound distinct from prostanoid analogs and have 
showed higher selectivity for IP than TRE (29). The elevated selec-
tivity could theoretically reduce off- target effects and potentially 
reduce side effects (29). To understand the structural basis of IP li-
gand selectivity and facilitate future design of selective IP agonists, 
we determined to cryo- EM structure of IP- Gs complex with the ac-
tive form of selexipag, MRE- 296.

Compared to TRE and other prostanoid receptor ligands (Fig. 3B 
and fig. S5A), MRE also has a carboxyl end pointing toward outside 
of the plasma membrane in region A but has a thinner region B and 
an expanded region C with a pyrazine ring connected to two aro-
matic rings (Fig. 3, A to C, and fig. S3B). As with TRE, in the region 
A subpocket, carboxyl end of MRE maintained interaction with 
Y752.65- S168ECL2- R2797.40 motif, indicating a similar α chain recog-
nition mode (Fig. 3, A to C, and fig. S4). However, notable disparity 
of interacting residues exists in region B and C part between MRE 
and TRE (Fig. 3B). Specifically, TRE formed stronger interaction in 
region B (Fig. 3E), while MRE formed stronger interactions in region 
C (Fig. 3F). In region B, TRE exhibited a strong π- π interaction with 
W169ECL2 (Fig. 2C). W169ECL2 is highly conserved across all pros-
tanoid receptors except for DP2, elucidating the lack of selectivity 
displayed by TRE and its capability of activating a wide range of off- 
target prostanoid receptors. MRE, on the other hand, was more pen-
etrated into IP receptor, avoiding this strong π- π interaction (Fig. 3B). 
cAMP accumulation assays confirmed that mutation of the W169ECL2 
had significantly greater impact on the potency of TRE to IP than 
MRE (Figs. 2D and 3D and fig. S4). This suggests that the conserved 
W169ECL2 plays a bigger role in TRE binding, which partly explains 

the higher selectivity of MRE. In region C, Y2817.42 formed π- π inter-
action with an aromatic ring in MRE, which was absent in TRE- IP 
complex. Among the nine prostanoid receptors, IP uniquely has an 
aromatic tyrosine at position 7.42 (fig. S4D). Other prostanoid recep-
tors contain either alanine or leucine at this residue. This allows MRE 
to selectively form strong interactions with IP- Y2817.42, further con-
tributing to its higher selectivity. cAMP assays confirmed that muta-
tion of Y2817.42 to alanine or leucine did not affect potency of TRE 
for IP but significantly reduced MRE potency (Figs. 2D and 3, D and 
F, and fig. S4). In summary, the combination of weaker binding to the 
conserved W169ECL2 and stronger binding conferred by unique 
Y2817.42 explains the superior selectivity of MRE.

Residue T642.54 was previously demonstrated to likely participate 
the potency of EP2 agonist (21) and was found in IP, EP2, and EP4. 
Similarly, both TRE and MRE formed a hydrogen bond with T642.54. 
Its mutation significantly decreased TRE and MRE potency for IP, 
partly explaining why MRE can also partly activate EP2 and EP4 
(18). Moreover, we noticed a marked difference in the direction of 
F2787.39 between TRE and MRE bound IP structures (Fig. 3G). The 
aromatic ring in F2787.39 in MRE- IP showed a 74.5° outward spin 
compared to TRE- IP. Also, a potential clash lies between MRE and 
the F2787.39 in TRE- IP complex (Fig. 3G). This indicate that F2787.39 
can sterically hinder the penetration of MRE due to its larger aro-
matic rings in the region C. Mutation of F2787.39 caused a significant 
increase in MRE potency but did not affect TRE potency (Figs. 2D 
and 3, D and G), suggesting that removal of this barrier provided 
more space for its penetration, facilitating this process. Certain 
modifications could increase ligand potency to IP.

In summary, TRE and MRE share overlapping IP binding mecha-
nisms, with the Y752.65- S168ECL2- R2797.40 motif and L2757.36 mainly 
contributing to the binding affinity of TRE and MRE. Other residues 
including M231.42, T642.54, and V712.61also participate in the binding 
of TRE and MRE (Figs. 2D and 3D). Regarding mechanism of ligand 
selectivity, MRE achieves superior selectivity by avoiding strong π- π 
interactions with conserved W169ECL2 in region B yet forming strong 
π- π interaction with Y2817.42 in region C (Fig. 3F). Residue F2787.39 
acted as a sterical hindrance to the pocket entrance of MRE (Fig. 3G). 
Elucidating ligand selectivity mechanisms of IP provides a frame-
work to design improved selective agonists.

Activation of IP
In comparison with the inactive structure of ONO- AE3- 208–bound 
EP4, the activated IP structure exhibited a large outward shift of 
TM6, along with an inward shift of TM1, TM5, and a lateral move-
ment of TM7 toward TM6 (Fig. 4A).

As previously reported, a large outward movement of TM6 is the 
hallmark of GPCR activation. In some cases, GPCR activation results 
in an outward movement of TM6 and rearrangement of the upper 
bundle of transmembrane domain via P5.50- I3.40- F6.44 triad motif to 
stabilize activated structure. However, the canonical P5.50- I3.40- F6.44 
triad motif was not seen in IP, which was substituted with A1975.50, 
M1073.40, and M2486.44 that was sterically too far from each other to 
form a hydrophobic tight packing (Fig. 4B). Instead, M1073.40, 
I1995.52, and M2486.44 formed hydrophobic interactions that may 
play an important role in the connection of the upper bundles of 
TM3, TM5, and TM6 (Fig. 4C). The rearrangement of TM6 is usually 
realized through ligand interacting with W6.48 toggle switch. How-
ever, the W6.48 in IP was substituted with S2526.48 and did not interact 
directly with TRE or MRE (fig. S6). This suggests an unconventional 
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mechanism underlying IP activation and outward movement of TM6. 
As previously mentioned, M231.42 formed interaction with TRE/MRE 
(Figs. 2B and 3B), causing an inward shift of TM1 (Fig. 4D). Com-
parison of agonist- bound IP with inactive EP4 reveals several key 
clashes between the aligned structures. Between TM1 and TM7, one 
clash occurs between IP- M231.42 and the TM7 backbone of inactive 

EP4. Another clash is between IP- A261.45 and I3237.47 in inactive EP4 
(equivalent to I2867.47 in IP). These steric clashes appear to drive a 
lateral movement of TM7 toward TM6. Regarding interaction be-
tween TM7 and TM6, IP- F2927.53 clashes with the TM6 backbone of 
inactive EP4, while IP- D2887.49 clashes with V2816.44 of inactive EP4 
(equivalent to M2486.44 in IP). These TM6- TM7 clashes likely facilitate 
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the outward shift of TM6 (Fig. 4D). Mutation of M231.42, M2486.44, 
I2867.47, D2887.49, and F2927.53 significantly impaired IP activation 
(fig. S6), supporting their proposed roles in enabling the outward 
movement of TM6 during receptor activation. Together, this formed 
a propagating activation path subsequently involving TM1, TM7, 
and TM6 through IP.

At the lower bundle near the cytoplasmic side, IP activation rear-
ranges the ionic lock (D/E3.49R3.50Y3.51, E1163.49R1173.50C1183.51 in 

IP), which resulted in breaking of the salt bridge formed by E1163.49 
and R1173.50. Notably, R1173.50 formed H- bond with N2035.56, and 
the latter interacts with L2416.37 (fig. S6), which likely explains the 
smaller separation distance of TM6 and TM3 in IP compared to β2AR 
(Fig. 4A). In addition, IP also had the conserved D2887.49P2897.50XXY/
F2927.53 motif and showed obvious structural rearrangement relative 
to inactive EP4 (fig. S6). Together, these variations stabilized the active 
conformation of IP.
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Assembly of IP- Gs complex
In IP, the outward displacement of TM6 at the cytoplasmic side cre-
ates a cavity to accommodate the Gαs subunit. Compare to prototypi-
cal β2AR- Gs and 5- hydroxytryptamine receptor 4- Gs complexes, the 
shorter separation distance between TM6 and TM3 in IP- Gs com-
plexes (Figs. 4A and 5A) generates a narrower cytoplasmic cavity. 

Consequently, the Gαs α5 helix tilts 16.5°, inserting more perpendicu-
larly and into the IP cytoplasmic cavity (Fig. 5A), which is similar to 
other prostanoid receptors (fig. S7A). The buried surface between IP 
and Gs involved six transmembrane helices (TM1 to TM3 and TM5 to 
TM7), ICL2, and H8 helix (Fig. 5, A and B). In general, the buried 
surface of IP with Gα protein (1393.2 Å2) is similar to that of EP4 
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(1342.6 Å2) and FP (1438.5 Å2) but larger than EP2 (1200.9 Å2). As 
previously reported, extended TM5 and shortened TM6 facilitate Gs 
coupling of GPCRs (30). This pattern holds for prostanoid receptors, 
with IP having the longest TM5 among the Gs- coupled EP2 and EP4 
and Gq- coupled FP and a shorter TM6 compared to Gq- coupled FP 
(Fig. 5, C and D). The relatively elongated TM5 and shortened TM6 of 
IP compared to the Gq- coupled FP conform with structural features 
that enable Gs coupling. Specifically, the extended TM5 of IP permits 
residue H2205.73 to form a distinctive π- π interaction with Y350 of 
Gαs (Fig. 5E) not observed in other prostanoid receptors.

As previously reported, G protein interaction with TM1 and ICL1 
is a distinctive feature of prostanoid receptors (20–23). IP conforms 
to this pattern, with residues L381.57 and R411.60 interacting with 
L383 and P43ICL1 and P44ICL1 interacting with L384, respectively 
(Fig. 5F). This is likely due to the relatively small outward TM6 
movement creating a narrower cavity and rotating the α5 helix to-
ward TM7 and H8 (20). Mutation of L381.57 substantially impaired IP 
activation (fig. S6). In addition, compared to EP2, the αN helix in 
IP- bound Gα is more closely rotated toward TM3, enabled by a 
unique salt bridge between D131ICL2 in IP and K34 on the αN helix 
(Fig. 5G). The remainder of the Gs α5 helix is positioned within a 
cavity formed by TM2 and TM3, ICL2, TM5 and TM6, and H8 
(fig. S7, B to D). Notably, R2968.47 forms a cation- π interaction with 
Y381. Mutation of R2968.47 to alanine significantly affected IP activa-
tion (fig. S6). Together, these distinctive interactions facilitate G pro-
tein coupling of IP.

DISCUSSION
Prostanoids are major components of the arachidonic acid metabo-
lism system, whose signaling is known to mediate through nine 
prostanoid GPCRs. To date, of the nine prostaglandin receptors, ac-
tive structures bound to G proteins are limited to EP2, EP3, EP4, 
and FP, with inactive structures known for TP, EP4, and DP2 (20–
23, 31, 32). Structural information for the IP receptor is now absent. 
Uncovering the molecular determinants governing ligand recogni-
tion and activation of IP provides fundamental insights critical for 
developing new therapies for PAH. In this study, we report the cryo- 
EM structures of IP- Gs complexes bound to its agonists TRE and 
MRE. Combined with docking analysis and mutagenesis studies, 
our findings reveal the molecular interactions underlying ligand 
binding selectivity, activation mechanisms, and G protein coupling 
that define IP function.

Through structural analysis and functional studies, we identified 
the structural basis underlying ligand recognition and selectivity of 
IP. The conserved binding mode of TRE and MRE to IP, mediated 
through the Y752.65- S168ECL2- R2797.40 recognition motif (Figs. 2A 
and 3A), mirrors that seen for other prostanoid receptors and under-
scores a shared mechanism of ligand recognition within this receptor 
family (20). Combined with docking analysis, we revealed that the 
distinct cyclic ether ring in PGI2 is the key determinant that allowed 
PGI2 to binding preferably with IP rather than other prostanoid re-
ceptors (fig. S5, C and D). Regarding ligand selectivity, the potent π- π 
stacking interaction between TRE and the highly conserved W169ECL2 
not only underlies TRE’s increased potency compared with endoge-
nous PGI2 but also led to TRE’s promiscuity across prostanoid recep-
tors. In contrast, MRE achieves superior selectivity over TRE due 
to its deeper penetrated aromatic rings into the binding pocket 
(Fig. 3B). This avoids the nonselective π- π stacking with W169ECL2 

and instead allows MRE to form additional strong π- π stacking with 
the unique Y2817.42 residue at region C (Figs. 2, C and D, and 3, C to 
F). These distinct binding modes and identification of key determi-
nants for selectivity of IP provide a framework for rational design of 
improved IP- selective agonists.

IP and three other prostanoid receptors (EP2, EP4, and DP1) con-
tain a serine rather than the canonical tryptophan at toggle switch 
position 6.48 (fig. S4D), replacing the canonical tryptophan toggle 
switch residue found in most GPCRs. As with EP2 and EP4 struc-
tures, there is no direct interaction between the ligand and TM6, di-
verging from the conventional mechanism. Activation of EP2 and 
EP4 is triggered by ligand interactions with TM2 and TM7, respec-
tively (21, 28). Activation of IP, on the other hand, is triggered by li-
gand interaction with TM1. We elucidated a distinct propagating 
pathway through TM1, TM7, and TM6 that enables the outward 
movement of TM6 required for IP activation (Fig. 4D) (33). Ligand 
binding triggers an inward shift of TM1 through interaction with 
M231.42. This TM1 motion laterally displaces TM7, which in turn 
pushes TM6 outward to propagate the activating conformational 
wave through IP (Fig. 4D). This unconventional activation pathway 
highlights IP’s distinct mechanism, diverging from not only the ca-
nonical “toggle switch” seen in most GPCRs but also other pros-
tanoid receptors lacking the toggle switch. By elucidating this 
distinct activating mechanism, our findings reveal IP activates via 
an atypical route distinct from both classical GPCR activation 
models and other prostanoid receptors. Like other reported pros-
tanoid receptors, the hydrophobic pack formed by PIF motif in IP 
is also absent (20–23, 31, 32). We identified an alternative hydro-
phobic pack constituted by M1073.40, I1995.52, and M2486.44, which 
further stabilizes the rearranged upper bundle of TM3, TM5, and 
TM6 in a distinct way. Inspection of the IP- Gs interface revealed 
unique interactions governing IP- Gs coupling (Fig. 5, A to E). This 
include π- π stacking of H2205.73 with Y350 enabled by the extended 
TM5 and a salt bridge between D131ICL2 and K34 that caused αN 
helix rotating toward TM3. Moreover, the smaller outward move-
ment of TM6 results in a narrower cavity for α5 helix binding. This 
caused deeper insertion of α5 helix into cytoplasmic cavity of IP, 
leading to interactions of the α5 helix with TM1 and ICL1 (Fig. 5A). 
These interactions are also shared by other prostanoid receptors, 
suggesting a conserved G protein coupling mode within this recep-
tor family (20, 21, 28).

It should be noted that although we did attempt to obtain the 
structure of the endogenous PGI2- IP- Gs complex, PGI2 is an ex-
tremely unstable compound that rapidly and nonenzymatically hy-
drolyzes to 6- keto- PGF1α, rendering it much less potent toward IP 
(34). This instability prevented further functional studies to inves-
tigate IP properties. We used docking studies to help elucidate 
molecular basis for IP’s recognition of its endogenous ligand. The 
lability of endogenous PGI2 and the therapeutic importance of IP 
underscore the need for selective and stable IP agonists. Therefore, 
elucidating the ligand binding and activation mechanisms of IP, as 
done in this study, is critical for facilitating the rational design of 
such agonists.

In summary, our structures clarify the structural basis of ligand 
selectivity, activation, and G protein coupling for IP. These molecu-
lar insights provide a framework to guide design of improved thera-
pies targeting this receptor. Our findings advance understanding of 
this clinically important IP and may facilitate development of better 
treatments for PAH and other IP- implicated diseases.
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MATERIALS AND METHODS
Construct
We cloned the gene encoding human IP (amino acids 1 to 336) into 
a pFastBac vector (Thermo Fisher Scientific) using the ClonExpress 
II One Step Cloning Kit (Vazyme Biotech). To facilitate expression 
and stabilization, a prolactin signal peptide and BRIL tag were add-
ed to the N terminus, and an LgBiT tag was fused to the C terminus. 
For purification, a 10X histidine tag was fused to the C terminus of 
IP. Human WT miniGαs, a human Gβ1 fused with SmBiT at its C 
terminus, and human Gγ2 were also cloned into pFastBac vectors.

Insect cell expression
Human IP, miniGαs, Gβ, and Gγ were coexpressed in High Five cells 
(Hi5, Invitrogen) using the baculovirus method (Expression Sys-
tems). Cells were grown in ESF 921 serum- free medium (Expres-
sion Systems) at 27°C and 120 rpm to a density of approximately two 
to three million cells/ml. Cells were then infected with different 
baculoviruses at a suitable ratio. At 48 hours postinfection, cells 
were harvested by centrifugation and stored at −80°C.

Protein complex purification
For purification, cells were thawed in 20 mM Hepes (pH 7.4), 150 mM 
NaCl, 10 mM MgCl2, and CaCl2 with Protease Inhibitor Cocktail 
(TargetMol). For TRE/MRE- IP- Gαs- Gβ- Gγ complexes, 10 μM TRE/
MRE (MedChemExpress) and 2 mg of Nb35 were added and incu-
bated at room temperature for 1 hour. Membranes were solubilized 
with 0.5% (w/v) lauryl maltose neopentyl glycol (LMNG; Anatrace) 
and 0.1% (w/v) cholesteryl hemisuccinate (CHS; Anatrace) at 4°C 
for 2 hours and then centrifuged at 70,000g for 30 min to remove 
insoluble material. Solubilized complexes were immobilized on nitri-
lotriacetic acid (Ni- NTA) resin (GenScript), washed with 30 column 
volumes of wash buffer, and eluted with 300 mM imidazole. Complexes 
were concentrated using 100- kDa Amicon filters and further purified 
by size exclusion chromatography on a Superdex 6 Increase 10/300 GL 
column (GE Healthcare) pre- equilibrated with size buffer containing 
20 mM Hepes (pH 7.4),150 mM NaCl, 0.00075% (w/v) LMNG, 
0.00025% (w/v) glyco- diosgenin [(GDN) Anatrace], 0.00025% digi-
tonin (w/v), 0.00015% CHS, and 10 μM ligand to separate complexes. 
Eluted fractions were analyzed by SDS–polyacrylamide gel electro-
phoresis, and those containing receptor- Gs complexes were pooled, 
concentrated, and used for cryo- EM.

Cryo- EM grid data collection
Cryo- EM grids were prepared using a Vitrobot Mark IV (FEI) set to 
4°C and 100% humidity. Three microliters of sample was applied to 
glow- discharged R1.2/1.3 gold holey carbon grids and incubated for 
10 s before blotting for 3.5 s (double- sided, blot force 2) and rapid 
freezing in liquid ethane. For the TRE- IP- Gs and MRE- IP- Gs datasets, 
8128 and 7994 movie stacks were collected on a 300- kV Titan Krios 
(Thermo Fisher Scientific) equipped with a Falcon 4 direct electron 
detector at ×165,000 magnification (0.73 Å pixel size). Data were 
acquired using EPU software (FEI Eindhoven, The Netherlands) 
as dose- fractionated movies totaling 50 e− Å−2 over 2.5  s across 
36 frames.

Cryo- EM image processing.
We performed motion correction using MotionCor2 to generate 
drift- corrected micrographs for further processing (35, 36). Con-
trast transfer function (CTF) parameters were estimated from the 

micrographs, and particles were picked and extracted for further 
processing. Two- dimensional (2D) classification, ab initio recon-
struction, hetero refinement, nonuniform refinement, local refine-
ment, and local resolution estimation of the particle stacks were 
carried out in cryoSPARC (37).

For TRE- IP- Gs complex dataset, 8128 dose- weighted micrographs 
were imported into cryoSPARC, and CTF parameters were estimated 
using patch CTF. Initial template- free particle picking from a subset of 
micrographs was performed using blob picker, followed by 2D classifi-
cation to generate templates for template- based autopicking. This re-
sulted in 5,762,832 extracted particles (2.92 Å/pixel). After two rounds 
of 2D classification, particles in classes showing high- resolution fea-
tures were selected for ab initio reconstruction and nonuniform refine-
ment, yielding a 3.91- Å map from 119,704 particles. Particles in classes 
showing poor features were used to generate four low- resolution refer-
ences for heterogeneous refinement. Using these references, the full set 
of particles was subjected to four rounds of heterogeneous refinement, 
resulting in a 3.91- Å map reconstructed from 119,704 particles. Next, 20 
classes of 2D templates were generated from 3D maps. Subsequently, 
5,196,112 particles were picked by template picker from the full set of 
micrographs and extracted using a pixel size of 2.92 Å. After two 
rounds of 2D classification, 1,141,429 particles were selected for four 
rounds of heterogeneous refinement, resulting in 436,035 particles. 
These particles were reextracted (0.73 Å/pixel) and subjected to non-
uniform and then local refinement, improving the resolution to 
2.83 Å. Three rounds of heterogeneous refinement were conducted 
with updated reference maps, 257,594 particles remained. Following 
nonuniform refinement, the final map reached a resolution of 2.56 Å.

For MRE- IP- Gs complex dataset, 7994 dose- weighted micro-
graphs were imported into cryoSPARC, and CTF parameters were 
estimated using patch CTF. Template- based autopicking extracted an 
initial particle stack of 5,476,773 particles (2.92 Å/pixel). After two 
rounds of 2D classification, 1,926,128 particles were selected for het-
erogeneous refinement, which was carried out for four rounds, yield-
ing 340,199 particles. These particles were reextracted at 0.73 Å/pixel 
and subjected to nonuniform refinement, improving the resolution 
to 3.04 Å. Further iterative rounds of heterogeneous refinement and 
nonuniform refinement resulted in a final set of 206,075 particles. 
Nonuniform refinement and local refinement of this final particle 
stack led to a 2.41- Å resolution map.

Model building and refinement
We used an AlphaFold2- predicted model of IP as the initial model 
for building and refinement (38). Structures of minGs, Gβ, Gγ, and 
the Nb35 derived from Protein Data Bank (PDB) entry 7XW5 (39) 
were rigidly fit into the density map using UCSF Chimera (40). The 
models underwent iterative manual adjustment in COOT (41) and 
automated rebuilding in PHENIX (42). The final model was further 
rebuilt in ISOLDE (43) and then refined in PHENIX with torsion 
angle restraints. Model validation was performed using PHENIX 
comprehensive validation (cryo- EM) (table S1) (42). All structural 
figures were prepared using Chimera (40), Chimera X (44), and 
PyMOL (Schrödinger, LLC.).

cAMP accumulation assay
The full- length WT human IP sequence was subcloned into the 
pcDNA6.0 vector. The WT and mutant IP constructs (table S2) were 
transiently transfected into Chinese hamster ovary cells and har-
vested 24 hours posttransfection. Cell suspensions were dispensed 
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into white 384- well plates at 5 μl per well before adding 5 μl of li-
gands. Receptor expression was quantified by flow cytometry using an 
anti- FLAG Alexa Fluor 488 antibody (Invitrogen, MA1- 142- A488). 
Ligand- induced cAMP accumulation was measured using a LANCE 
cAMP detection kit (PerkinElmer) per the manufacturer’s protocol, 
with varying ligand concentrations. Fluorescence signals were de-
tected at 620 and 665 nm on an Envision multilabel plate reader 
(PerkinElmer). Responses were normalized to baseline cAMP levels 
for each ligand. Half- maximal effective concentration (EC50) values 
were determined by GraphPad Prism 9.0. Differences in pEC50 be-
tween mutant and WT receptors (∆pEC50) were calculated for each 
agonist. Data represent mean ± SEM of three independent experiments. 
Differences were considered statistically significant at *P < 0.05, 
**P < 0.01, and ***P < 0.001.

Molecular docking
The TRE- bound IP structure was selected as receptor, the TRE was 
deleted, and hydrogen atoms were added. Protonation states were 
assigned using to H++ 3.2v (http://biophysics.cs.vt.edu/H++) at 
physiological pH 7.4 with AMBER ff 14SB parameters (45). Then, 
protein structure was energy- minimized using the Chiron tool (46). 
The grid line for the docking of IP ligands was of X: 16.833, Y: 
12.877, and Z: 14.753 (Angstrom) at the center of X: 130.464, Y: 
116.935, and Z: 87.163; the grid box covers almost all the pocket 
residues. Docking calculations were performed in AutoDock Vina 
(version 1.1.2) (47). The docked protein- ligand structures were visu-
alized in Chimera X software.

Statistics
Data from functional studies were analyzed using GraphPad Prism 
9.0 (Graphpad Software Inc.). Results are presented as mean ± SEM 
of three independent experiments with triplicate measurements. 
Significance was determined with one- way analysis of variance 
(ANOVA), and *P < 0.05 was considered statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
tables S1 and S2
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