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The prostaglandin D2 receptor 1 (DP1), a member of the prostanoid G protein-
coupled receptor (GPCR) family, plays critical roles in allergic responses, sleep
regulation, immune modulation, and vasodilation. Here, we present five high-
resolution cryo-electron microscopy (cryo-EM) structures of the human DP1
receptor, including an apo structure, two inactive state structures bound to
two different inverse agonists developed by ONO Pharmaceutical, and two
active state structures in complex with the G protein and bound to the
endogenous agonist PGD2 and its selective derivative BW245C. Structural
analysis, complemented by molecular dynamics simulations and site-directed
mutagenesis, reveals key residues involved in ligand recognition and suggests
a distinct activation mechanism for DP1, which lacks most of the conserved
class A GPCR motifs. Notably, the unique residue K76 within the conserved
sodium pocket acts as a major activation switch, while amphiphilic helix 8
adopts an unconventional orientation essential for receptor function. These
findings offer valuable insights into the structure and function of prostanoid
receptors and may facilitate the development of therapeutics targeting DPI.

Prostaglandin D2 (PGD2) is a vital bioactive lipid derived from ara-
chidonic acid through the cyclooxygenase (COX) pathway. It plays
significant roles in various physiological and pathological processes,
including sleep induction, body temperature regulation, and noci-
ception in the central nervous system' . Additionally, PGD2 is a major
mediator in allergic reactions and inflammation within the immune
system and serves as a potent inhibitor of platelet aggregation in the
vascular system*®. PGD2 exerts its effects primarily through two G
protein-coupled receptors (GPCRs), DP1 and DP2 (also known as
CRTH2)’. DP1 is predominantly expressed in cells involved in allergic
and inflammatory responses, including mast cells, basophils, eosino-
phils, airway epithelial cells, vascular endothelial cells, and mucus-
secreting goblet cells in the nasal and colonic mucosa®’. DP2 is

similarly expressed mainly in immune cells, including eosinophils,
mast cells, and group 2 innate lymphoid cells (ILC2s)"*"2,

In addition to PGD2, other prostaglandins such as PGE2 and
PGF2a, prostacyclin PGI2, and thromboxane A2 (TXA2) are also
metabolized through COX pathways” ™, Their effects in humans are
primarily mediated through nine prostanoid receptors: DP1 and DP2
for PGD2, 4 subtypes of PGE2 receptors (EP1 to EP4), the FP receptor
for PGF2a, the IP receptor for PGI2, and the TP receptor for TXA2'.
Notably, DP2 belongs to the gamma branch of the class A GPCR phy-
logenetic tree, unlike DP1 and other prostanoid receptors that are
clustered in the a branch".

In humans, PGD2 is released in extensive quantities by activated
mast cells in response to allergic stimuli*''?, Therefore, elevated levels
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of PGD2 are promptly detected in bronchial lavage fluid following
allergen exposure in patients with asthma®. Activation of DP2 by PGD2
leads to bronchoconstriction and type 2 inflammation***, while acti-
vation of DP1 by PGD2 inhibits dendritic cell migration to lymph nodes,
enhances regulatory T-cell function, and induces eosinophil apoptosis,
contributing to resistance against asthma®~,

DP1 is a Gs-coupled receptor that mediates many of the central
nervous system and immune responses attributed to PGD2. Activation
of DP1 leads to an elevation of intracellular cyclic adenosine mono-
phosphate (cAMP), which causes downstream effects such as relaxa-
tion of smooth muscles, inhibition of platelet aggregation, and
modulation of immune cell activity. This receptor is implicated in
various allergic and inflammatory conditions, including asthma, aller-
gic rhinitis, and atopic dermatitis®**.

Several non-selective prostanoid receptor agonists, such as ilo-
prost, treprostinil, and alprostadil (PGE1), which activate DP1 along
with other prostanoid receptors, have been approved by the FDA for
various indications®*°, However, so far none of DP1-selective ligands,
including laropiprant (MK-0524), asapiprant (BGE-175), ONO-4053,
and TS-022, tested in clinical trials, have successfully completed the
process due to challenges in efficacy and safety. In general, DP1
antagonism may have merit in the treatment of asthma, rhinitis, and
conjunctivitis, while DP1 agonism is explored for the treatment of
pulmonary hypertension, atopic dermatitis, and obesity. A deeper
understanding of the mechanisms of action of selective DP1 antago-
nists and agonists is essential to develop effective treatments for these
conditions, while minimizing side effects associated with non-specific
modulation of the COX pathway.

Recent advances in X-ray crystallography and single-particle
cryogenic electron microscopy (cryo-EM) have revolutionized our
understanding of GPCR structures and their molecular mechanisms,
greatly facilitating the design of selective ligands®¢. Although sig-
nificant progress has been made in determining structures of both
inactive and active states of prostanoid receptors, the full activation
mechanism of these receptors is still ambiguous and not fully under-
stood. Among the nine known prostanoid receptors, active state
structures have been determined for EP2%, EP3**™*, EP4*42, FP*%,
TP*, IP*, and DP2*, while inactive state structures have been resolved
only for TP*$, EP4*°, and DP2°°°",

Here, we present five high-resolution cryo-EM structures of the
human DP1 receptor in both active and inactive states (Fig. 1a, b and
Supplementary Table 1). Two of these structures depict the fully active
DP1 receptor in complex with its cognate G heterotrimer, bound to its
endogenous agonist PGD2 and its selective synthetic agonist BW245C.
Additionally, we present three inactive state structures of DPI,
including the receptor in its apo form as well as bound to two synthetic
DP1 selective antagonists developed by ONO Pharmaceutical. These
structural characterizations, combined with functional analysis of
mutated receptors and molecular modeling, provide detailed insights
into the molecular mechanisms of DP1 receptor activation and inhi-
bition, offering a valuable framework for the rational design of selec-
tive DP1 modulators with potential therapeutic applications.

Results

Cryo-EM structures of DP1 in the inactive state

To stabilize the inactive state of the human DP1 receptor, we replaced
the third intracellular loop (ICL3) with a thermostabilized apoc-
ytochrome b562 fusion protein (bRIL)*? and introduced three-point
mutations, C130**°R, H263°*3A, and D3197“°N (superscripts refer to the
Ballesteros-Weinstein numbering scheme® for Class A GPCRs), which
improved the yield of the purified receptor and its thermostability
(Supplementary Figs. 1-3). Two of these mutations, C130**°R and
D3197N, also decreased the potency of PGD2 in ONE-GO G protein
activation assays*** (Fig. 2g, Supplementary Fig. 4, and Supplementary
Table 2). While inserting bRIL into the ICL3 or N-terminus of GPCRs is a

well-established method for facilitating crystal contacts in X-ray
crystallography®, bRIL and its synthetic antibody have also been
employed as fiducial markers in single-particle cryo-EM**~%, To
enhance the rigidity between the bRIL fusion protein and DP1, we
optimized junction sites by inserting bRIL between ICL3 residues Q233
and L258 with a short linker (ERARSTL) added before L258, as inspired
by the construct designs from previously determined GPCR
structures**’. Using this approach, we determined three structures of
the inactive state of the DP1,c;sbRIL receptor in complex with an anti-
bRIL Fab antibody (BAG2) and a Fab stabilizing nanobody (Nb) by
single-particle cryo-EM. These structures were captured inits apo form
(without adding a ligand) and bound to two different antagonists
developed by ONO Pharmaceutical, ONO3030297 and ON02550289,
at nominal resolutions of 2.84A, 2.89A, and 2.89 A, respectively
(Supplementary Figs. 5-7, Supplementary Table 1). The high-resolution
cryo-EM density maps allowed us to build most regions of the
DP1,c3bRIL-BAG2-Nb complex, encompassing residues 3 to 342 of
DP1, except for the flexible ICL1 (residues 47-58) and truncated ICL3
(residues 234-257), bRIL, anti-bRIL Fab, and Nb. Maps obtained in the
presence of ON0O3030297 and ON0O2550289 show strong density for
the ligands (Fig. 1a). Interestingly, the apo form map also displays some
density in the orthosteric binding pocket, suggesting that the pocket
may be occupied by a native lipid-like molecule captured from the cell.

The overall architecture of the inactive state of DP1 adopts the
canonical seven-transmembrane helical domain (7TM) in its inactive
conformation (Fig. 1c), without any significant outward displacement
of the cytoplasmic end of TM6, typically associated with class A-GPCR
activation®®. The orientation of the C-terminal amphiphilic helix 8 (H8)
is directed toward TM6, which differs from the classical configuration
of H8 oriented towards TM1 in most class A-GPCRs and will be dis-
cussed further in more detail.

The extracellular entrance in the ligand binding pocket of DP1 is
tightly capped by the extracellular loop 2 (ECL2), which folds into a
long B-hairpin stabilized by a highly conserved disulfide bond between
C105*% and C183*“"* (Fig. 1c), similar to other prostanoid receptors.
The pocket, however, is open to the membrane via a gap between TM1
and TM7 (Fig. 2a, b). Moreover, DP1 features an additional disulfide
bond in the extracellular region between the N-terminus (C8) and
C178F%2, Cysteines at similar positions are present in EP2 and IP,
however, the N-terminus is not visible in EP2 structures”, while no
disulfide bonds were modeled in the IP receptor*. Among other
prostanoid receptors, two disulfide bonds have been also observed in
TP*%, where the second disulfide bond forms between the N terminus
and the extracellular tip of TM3 (C11-C102*>%?). Mutations of these two
TM3 cysteines (C>*S and C>*S) and the conserved ECL2 cysteine
(CF*?S) in TP abolished the binding of an antagonist*®, suggesting that
both disulfide bonds contribute towards shaping the binding pocket.
In DPI, this double-layer capping effectively occludes the orthosteric
binding site and may limit the access of the ligand from the extra-
cellular side. Both the lipid nature of the endogenous agonist and the
double-layer capping suggest that the gap between TM1 and TM7
could serve as the potential access route to the orthosteric binding site
(Fig. 2a, b), a pathway also proposed in other lipid receptor structures,
such as S1P1 and rhodopsin. Our MD simulations indicate that the ECL
access to the orthosteric site remains closed, while the TM1-TM7 gap
stays predominantly open, suggesting this gap as a potential ligand
entry point—an observation similar to the one made in the metady-
namics study of EP4*.

The two DP1,c 3bRIL structures bound to ON0O2550289 and
ONO03030297 are highly similar, with a Ca root mean square
deviation (RMSD¢,) of 0.52A within the 7TM bundle. The apo
state DP1 structure, however, shows slight differences compared
to these two inactive structures, with RMSD¢, of 0.75A and
0.66 A within 7TM compared with structures bound to
ONO02550289 and ONO03030297, respectively. In the apo

Nature Communications | (2025)16:8944


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64002-z

BAG2(LC) ) BAG2(HC)

c Inactive DP1 Active DP1 d

Extracellular

Fig. 1| Cryo-EM DP1 structures in the inactive and active G, protein bound
states. a Cryo-EM density of the inactive state DP1;c;3bRIL construct (DP1-blue,
bRIL—yellow) bound to the inverse agonist ONO3030297 (cyan) and in complex
with the anti-bRIL Fab (BAG2, heavy chain—orange, light chain—pink) and stabiliz-
ing nanobody (Nb, light green). The insert shows EM densities in the ligand binding
pocket for ONO3030297, ONO2550289, and APO receptor. b Cryo-EM density of
DP1 (salmon) bound to PGD2 (gold) and in complex with heterotrimeric G5 protein
(Gas—cyan, GB—sand, Gy—violet) and nanobody Nb-35 (green). The insert shows
EM densities in the ligand binding pocket for agonists PGD2 and BW245C. The
ligands in (a-c) are shown as sticks with carbon atoms colored in cyan
(ON03030297), chartreuse (ON02550289), gold (PGD2) or violet (BW245C).
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c Structures of DP1 in the inactive state and in the active Gs protein-bound states.
Two gray lines indicate membrane boundaries as provided by the Orientation of
Proteins in Membranes (OPM) database. d Cellular cAMP production assay with
transiently transfected WT DP1. The agonist data are normalized to the basal signal
(set at 0%) and the maximal PGD2-induced signal (set at 100%). The inverse agonist
data are normalized to the basal signal (set at 0%) and the signal from the empty
vector-transfected cells (set at -100%). Data points correspond to means + SEM for
three biologically independent experiments conducted in triplicates. The corre-
sponding E .« and ECs, values are shown in Supplementary Table 3. Source Data
are provided as a Source data file.

structure, the extracellular part of TM1 shifts toward TM7 by
1.5-2 A while TM2 shifts outwards by 2-3 A, causing the distance
between TM1 and TM2 to increase, while the gap between TM1
and TM7 decreases (Supplementary Fig. 8a, b).

The unique among class A GPCR lysine residue K76>%, located
deep in the 7TM bundle, plays a key role in stabilizing the inactive state
of DPL. In both antagonist complexes, it forms a salt bridge to D72>%°
(Fig. 2¢), a highly conserved residue in the sodium pocket of class A
GPCRs®*®!, The salt bridge remains stable in MD simulations of the
inactive receptor (Supplementary Fig. 9a, b). Although all 15 residues
of the sodium pocket are fully conserved in DP1, the binding of sodium
to D72>%° is apparently blocked by the positively charged K76>*
occupying the pocket. This is supported by MD simulations where
sodium ions do not enter the pocket in any of the nine MD simulations
of the apo state receptor (Supplementary Fig. 10), unlike those
observed in other GPCRs®,

Antagonist binding pocket

Though commonly referred to as antagonists, both ONO compounds
fully inhibit the basal activity of DP1in CAMP accumulation assays and
therefore act as inverse agonists with EC50 values of 1.1 nM and 1.3 nM
for ON0O2550289 and ON03030297, respectively (Fig. 1d and Supple-
mentary Table 3). Both ONO ligands share a similar chemical structure,
featuring a central meta-xylene ring connected via an amide bond to a
chlorphenylacetic group on one side and via an ether bond to a
dimethyl-1,4-benzoxazine group on the other side (Fig. 2e, f). However,
ONO03030297 includes an additional cyclopropane group and
demonstrates slightly different effects when bound to DPl1. The
DP1,c13bRIL-ONO3030297 complex exhibits a 2°C increase in the
melting temperature compared to ONO02550289 (Supplementary
Fig. 2b). Additionally, a substantial proportion of dimers is observed
for DP1,3bRIL-ONO3030297, whereas DPLc;sbRIL-ONO2550289
remains mostly monomeric, based on the final size exclusion
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chromatography (SEC) curve (Supplementary Fig. 3e) and cryo-EM 2D
particle classification (Supplementary Figs. 6¢ and 7c).

Both ONO compounds occupy the same predominantly hydro-
phobic binding pocket, formed by residues from TMs 1, 2, 3, 7, and
ECL2, following a path from the ECL region to as deep as the entrance
to the conserved sodium binding pocket (Fig. 2a-d and

Supplementary Fig. 11a, b). However, overlaying the two DP1 structures
reveals a slight difference in the conformations of the ONO inverse
agonists within the orthosteric binding pocket. In both structures, the
carboxylic group of the ligand primarily makes a salt bridge with the
sidechain of R3107*°, a residue fully conserved in prostanoid receptors
(Fig. 2c, d). Additionally, the carboxylic group of ON02550289 forms
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Fig. 2 | Ligand binding pocket in the inactive DP1 and recognition of inverse
agonists. a, b Cross-section through the receptor showing the ligand bound site
and bound ligands for ONO2550289 (a) and ONO3030297 (b). Two gray lines
indicate membrane boundaries as provided by the Orientation of Proteins in
Membranes (OPM) database. ¢, d Details of DP1 residues’ interactions with
ONO02550289 (c) and ON0O3030297 (d). Hydrogen bonds and salt bridges are
shown as red dashed lines. The ligands in (a-d) are shown as sticks with carbon
atoms colored in chartreuse (ON0O2550289) or cyan (ONO3030297). e, f Sche-
matics of DPI1 residues’ interactions with ON02550289 (e) and ON0O3030297 (f).

Hydrogen bonds and salt bridges are shown in red dashed lines. g ONE-GO G
signaling assay comparing the concentration-response signal induced by PGD2 at
WT DP1 with the inactive cryo-EM construct (DP1;,c 3bRIL) and the inactive state
stabilizing mutants C130**°R, H263%*A, and D319”*’N. The data are normalized to
the basal signal (set at 0%) and the maximal PGD2-induced signal at WT DP1 (set at
100%). Data points correspond to means + SEM for three biologically independent
experiments conducted in triplicates. The corresponding E,,,x and ECsq values are
shown in Supplementary Table 2. Source Data are provided as a Source data file.

an additional hydrogen bond with N18“*™ while the one of
ONO03030297 with W182F'2, Residues A20™*¢, M22'3%, and L26** make
hydrophobic interactions with the chlorophenylacetic ring. The
cyclopropane group of ON03030297 introduces additional hydro-
phobic interactions with S19™™ G231 V8324l and L84*%? residues
and pushes the N-terminal stretch of residues 16-21 widening the
putative ligand entrance gap.

The amide group of both ligands interacts with S80**® and S31374
via hydrogen bonding. Additionally, in the DP1-ONO3030297 struc-
ture, S316”*¢ establishes hydrogen bonds with both the ether oxygen
and the oxygen in the heterocyclic group of the ligand, while in the
DP1-ONO2550289 structure, only the ether oxygen is within the
hydrogen bond distance from S3167#. Despite this difference, the
hydrophobic interactions around the heterocyclic region (2,3-dihydro-
1,4-benzoxazine) of the ONO compounds and the surrounding resi-
dues remain largely conserved. In both ONO-bound structures, the
heterocycles of the ligands occupy a compact pocket formed by resi-
dues G75*%, L79%%, M1123*, F115%%, S119°%, L31274?, and 1315"%.

Our MD simulations of DP1 in complex with ONO3030297 sup-
ported the stability of these interactions and the key role of polar
interactions with R31074°, S80*%, and S313”** side chains (Supplemen-
tary Fig. 12), as well as suggested water-mediated interactions between
the morpholine nitrogen of ON03030297 and backbone atoms of
L3127, S31374, 1315"*%, and both backbone and sidechain of S3167
(Supplementary Fig. 13).

Cryo-EM structures of DP1 in the active state
To facilitate the expression and purification of the human wild-type
(WT) DP1 receptor, we introduced a FLAG tag at the N-terminus
immediately after the hemagglutinin signal peptide, and a cleavable
enhanced green fluorescent protein (eGFP) with an 8xHis tag at the
C-terminus of the canonical DP1 gene sequence (UniProt Q13258). The
resulting DP1 construct was then co-expressed with the dominant-
negative form of Gas (DNG)®®, GB,, and Gy, in Spodoptera frugiperda
(5/9) insect cell. The DP1-Gs complex was stabilized by adding an
agonist (PGD2 or BW245C) and a nanobody 35 (Nb35)** in the presence
of apyrase, enabling efficient assembly and generating highly homo-
genous complex samples suitable for structural studies (Supplemen-
tary Fig. 14). The structures of the DP1-Gs-Nb35 complex bound to
PGD2 and BW245C were determined by single-particle cryo-EM at
nominal resolutions of 2.68 A and 2.45A, respectively (Fig. 1b and
Supplementary Table 1). The high-resolution cryo-EM density maps
enabled accurate model building for the DP1-Gs-Nb35 complex con-
taining residues 3 to 338 of DP1 except for the flexible ICL1 (residues
48-57) and ICL3 (residues 236-254), most residues of the G5 protein
heterotrimer except for the flexible a-helical domain of Gaog protein,
and Nb35 (Supplementary Figs. 15, 16). Meanwhile, agonists PGD2 and
BW245C were modeled into well-defined densities in the DP1 ligand-
binding pocket (Fig. 1b and Supplementary Fig. 11c, d). DP1-Gs com-
plexes bound to PGD2 and BW245C are very similar, with RMSD¢, of
just 0.15 A across the 7TM bundle, with some local variations in the side
chains. Both complexes display an essentially identical interface
between the receptor and G protein.

The active DP1 structure reveals an outward displacement of the
cytoplasmic end of TM6 (Ca atom of E260°%°) by -5 A relative to the

inactive DP1 structure. Such a modest activation-related shift of TM6
for a Gs-coupled receptor appears to be a feature of prostanoid
receptors. Additionally, TM5 shifts closer to TM6 and TM7 moves
inward—both are characteristic features of activation observed in class
A GPCRs. The amphiphilic H8 becomes shorter and more disordered,
while maintaining its interaction with TMé6.

The active state of the human DP1 receptor shares high structural
similarity with the EP2 (7CX2) and IP (8X79) receptors (37% and 30%
sequence identity) with an RMSD¢, of 0.80 A and 0.97 A across the
7TM bundle, respectively (Supplementary Fig. 17). A comparative
analysis of the active DP1-Gs structure with other active prostanoid
receptor complexes reveals a conserved overall architecture across
these receptors, except for the orientation of H8, which varies sub-
stantially between them (Supplementary Table 4). This distinct struc-
tural feature may have implications for the distinct functional
properties of the DP1 receptor.

Agonist binding pocket
The endogenous agonist PGD2 and its synthetic derivative, the highly
potent selective agonist BW245C, with EC50 values in cAMP assays of
6.2nM and 1.1nM, respectively (Fig. 1d and Supplementary Table 3),
bind within the orthosteric pocket formed by TMs 1, 2, 3, 7, and ECL2,
consisting of three subpockets accommodating the a-chain, the core
ring, and the w-chain of the ligands (Fig. 3). The pocket is almost fully
occluded with a narrow solvent-accessible channel, similar to the
active-state of EP2. In both the PGD2- and BW245C-bound structures,
the negatively charged carboxy end of the «-chain forms a strong salt
bridge with the conserved residue R3107*" in addition to hydrogen
bonds with the conserved residues T181%*2 and Y87>%°. Mutations
R31074°A, T18152, and Y87>%°A substantially decreased the potency of
PGD2 in our ONE-GO assays (Fig. 3g and Supplementary Table 2). The
conserved in prostanoid receptors hydrophobic residues W182¢\,
M1123*, .3067*¢, and L3097*° and non-conserved hydrophobic residue
V83** interact with the hydrophobic part of the a-chain. Accordingly,
mutations W1825€1A, M1123*?A, and L3067*°A reduced the potency of
PGD2 (Fig. 3g). Our MD simulations further support the highly domi-
nant salt bridge between R3107° and the carboxy group (present >95%
of time) and suggest only modest contributions of direct polar inter-
actions for Y87%% (25%) and T1815? (10%) (Supplementary Fig. 18a).
The carbonyl group on the core ring of both ligands make a
hydrogen bond with K76>** and possibly a polar or water mediated
interaction with S80*%, In addition, the amino group in the core ring of
BW245C engages in a hydrogen bond with the backbone carbonyl of
G23'¥, In agreement, both mutations, S80>**A and K76>**A, decreased
the potency of PGD2 in our ONE-GO assays (Fig. 3g). Interestingly,
G23'*A slightly increased the potency of PGD2, likely due to a mod-
erate stabilization effect of the alanine side chain on PGD2 binding.
Furthermore, the MD analysis of heavy atom interactions between
PGD2 and the binding pocket residues (Supplementary Fig. 18) aligns
qualitatively with experimental mutation studies of the PGD2 binding
pocket (Fig. 3e, g). Both computational and experimental results
support the importance of these residues in PGD2 binding interac-
tions. Note that MD simulations suggest additional water-mediated
polar interactions of PGD2 hydroxyl groups: 9-OH with S80*% and
S313743, and 15-OH with Y203>* of DP1 (Supplementary Fig. 19).
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In addition to the similar hydrophobic interactions of the w-chain
of PGD2 and BW245C with neighboring residues including L79*%,
G75%%, 1312742, BW245C contains a bulky cyclohexane group at the end
of its w-chain which allows for a tighter fit into the hydrophobic

subpocket, potentially contributing to the enhanced potency of
BW245C compared to PGD2.

Endogenous ligand binding in prostanoid receptors, excluding
DP2, is primarily driven by interactions between the ligand’s carboxy
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Fig. 3 | Ligand binding pocket in the active DP1 and recognition of agonists.
a, b Cross-section through the receptor showing the ligand bound site and bound
ligands for PGD2 (a) and BW245C (b). Two gray lines indicate membrane bound-
aries as provided by the Orientation of Proteins in Membranes (OPM) database.
¢, d Details of DP1 residues’ interactions with PGD2 (c) and BW245C (d). Hydrogen
bonds and salt bridges are shown as red dashed lines. The ligands in (a-d) are
shown as sticks with carbon atoms colored in gold (PGD2) or violet (BW245C).

e, f Schematics of DP1 residues’ interactions with PGD2 (e) and BW245C (f).

Hydrogen bonds and salt bridges are shown in red dashed lines. Residues that
showed significant effects in ONE-GO G signaling assays are colored in red. g ONE-
GO G signaling assay comparing the concentration-response signal induced by
PGD2 at WT DP1 with binding pocket residue mutants. The data are normalized to
the basal signal (set at 0%) and the maximal PGD2-induced signal at WT DP1 (set at
100%). Data points correspond to means + SEM for three biologically independent
experiments conducted in triplicates. The corresponding E,,,,x and ECsq values are
shown in Supplementary Table 2. Source Data are provided as a Source data file.

group on the a-chain and three conserved residues: R™#°, Y2, and T/S
ECL2 which stabilize the ligand through a network of electrostatic for-
ces, hydrogen bonds, and polar contacts. In addition, conserved
hydrophobic residues M/L>*? and L/F’>® along the aliphatic region of
the a-chain further stabilize the binding.

Mechanism of DP1 activation

Activation of the DP1 receptor is driven by agonist-induced con-
formational changes within the ligand-binding pocket. Specifically, the
extracellular part of TMI shifts towards TM7 by 4-5A, while TM7
moves outward and down by around 2 A, closing the gap between
these two helices (Fig. 4a, b). A critical conformational change occurs
at W182°“", causing L3097’ to shift downward (Fig. 4c). The W182%2A
mutation was found to reduce PGD2 potency in ONE-GO assays (Fig. 3g
and Supplementary Table 2).

The DP1 receptor lacks the classical W8 toggle switch present in
many class A GPCRs. This residue is replaced with S278°%*8 that forms a
hydrogen bond with the mainchain carbonyl of F274°* stabilizing a
kink in TMé6. Furthermore, the canonical P-I-F motif is substituted with
L212°%°-T120**%-F274°** in DP1. However, these residues in DP1 do not
interact with each other. Instead, the role of the activation switch in
DP1 can be played by an alternative motif T214552-1123%43-F274544
(Fig. 4d). During activation, the downward movement of 1315’* on
TM7 prompts F274%** to undergo a rotomeric switch in conjunction
with a switch in L123** and a shift of T214%% towards L123**. This
cascade of molecular switches enables the outward movement of the
intracellular portion of TM6, a hallmark of receptor activation. The
contribution of this motif into DP1 activation, however, remains
unclear as the F274%**A mutation did not affect PGD2 induced signal-
ing in ONE-GO assays (Fig. 4h).

Another important part of the activation mechanism is the
sodium binding pocket, which exhibits high conservation in DP1 in
both residue composition and structure, compared to other class A
GPCRs®. In addition to the highly conserved D72>°, DP1 features a
second acidic residue D3197#° within the pocket, a variant present in
approximately 20% of non-olfactory class A receptors. Notably, the
D3197*N mutation used in the inactive state construct reduced the
PGD2 potency, indicating its functional relevance (Fig. 2g and Sup-
plementary Table 2). Although a sodium ion coordinated by both the
acidic side chains of D>*° and D’* has been observed in the structures
of several receptors®*’, no such sodium ion was found in the pocket of
our experimental inactive state structures of DP1 or in our MD simu-
lations (Supplementary Fig. 10). Upon receptor activation, the sodium
pocket undergoes major structural rearrangement. In the inactive
state, the unique DP1 residue K762, absent in other class A GPCRs,
makes a salt bridge with D72%°° and a hydrogen bond with N34
(Fig. 4e). Stability of these interactions is strongly supported by our
MD simulations (Supplementary Fig. 9a, b). The positively charged
primary amine of K76>%* occupies a position similar to that of sodium
ions in other class A GPCRs and likely serves a similar role in stabilizing
the receptor’s inactive state. Upon agonist binding, the primary amine
group of K76*%* repositions to interact directly with the carbonyl and
hydroxyl groups of the agonist, while D72>*° forms a hydrogen bond
with D31974°, making a distinct conformational shift in the sodium
pocket. The D72*°°N mutation increased the basal receptor activity in
cAMP accumulation assays, while K76>**A completely abrogated PGD2

signaling in ONE-GO assays without affecting its basal activity (Fig. 3g,
Supplementary Fig. 4, and Supplementary Table 2). The lack of chan-
ges in basal activity could be explained by a sodium ion replacing the
amino group of K76>%*A to maintain stability of the inactive state. The
conformational shift of K76*** from engaging in a salt bridge with
D72%%° to hydrogen bonding with the agonist appears to function as a
key activation switch, distinct to DP1. Interestingly, replacing K76*>*
with another positively charged residue, arginine, substantially
decreased the PGD2 potency in ONE-GO assays (Fig. 3g and Supple-
mentary Table 2), likely due to steric constraints introduced by the
bulky guanidine group of arginine. Notably, the ONO ligands possess
hydrophobic groups that prevent K76>%* from adopting its “upward”
orientation; instead, promoting a conformation in which this residue
interacts with D722°° and N34, stabilizing the inactive state and thus
explaining their inverse agonism. In the apo state, the conformation of
K76>* is intermediate between the states observed in inverse agonist-
and agonist-bound structures. Another notable feature, supported by
strong EM density, is that in the active state, D72>°° and D3197*° are
engaged in a strong polar interaction (3.0 A, Fig. 4e) which is only
energetically possible if one of these acidic side chains is protonated
and thus uncharged. Protonation of D*° upon activation has pre-
viously been proposed as a part of activation mechanism in class A
GPCRs®, To assess the effect of D72>° protonation, we conducted MD
simulations of the active state DP1 with charged and protonated
D722, Simulations with charged D72>°° showed a high frequency of
D72250-K76>%* salt bridge interactions (Fig. 4g, Supplementary Fig. 9c,
d), which was not supported by the cryo-EM structure of the DP1 active
state. In contrast, MD simulations with protonated D72*° demon-
strated an apparent switch of the K76>** side chain from the salt bridge
with D72*%° to interactions with the PGD2 carbonyl and hydroxy
groups (Fig. 4g, Supplementary Fig. e, f), in agreement with the
active-state cryo-EM structures. Thus, the MD simulations suggest that
protonation of D72*% is required for this dramatic conformational
change in K76>*, likely serving as a key activation switch, spe-
cific to DP1.

On the intracellular side of the receptor, the conserved D(E)RY
motif is replaced with E129*4°C130**°W131>*!. DP1 is the only prosta-
noid receptor, in which R** is not conserved. Note that the inactive
state construct includes the CI30*°R mutation, which strongly
decreased basal activity of DP1 in cAMP accumulation assay and PGD2
potency in ONE-GO assay (Fig. 2g, Supplementary Fig. 4, and Supple-
mentary Table 2). The inactive state structure confirms that R130*%
forms a classical ionic lock with E260%%°, explaining the stabilizing
effect of C130**°R in the inactive state DP1 construct (Fig. 4f). The
NPxxY motif is replaced with DPxxF motif in DP1. The side chain of
F32373 rotates upon activation along with the backbone of TM7 and
stabilizes the active state by hydrophobic interactions with F61>*?,
L123*%, M126**, and M270%%°. The mutation F3237*%Y, restoring the
DPxxY motif, has negligible effect on the PGD2 potency (Fig. 4h and
Supplementary Table 2).

DP1-G, interface

The re-arrangements of TM5, TM6, and TM7 on the cytoplasmic side
upon agonist binding create a cavity to accommodate the a5 helix of
the Gog subunit (Fig. 5a, b). Unlike the wider cytoplasmic cavity in
B>AR-G,** and other G4 coupled complexes, the DP1-Gs complex has a
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Fig. 4 | DP1 activation mechanism. a, b Comparison of the inactive (blue) and
active (salmon) states of DP1, viewed within the plane of the membrane (a) and
from the intracellular side (b). Red arrows indicate main conformational shifts of
TMs on the intracellular side of the receptor. The membrane boundaries are shown
in (a) as two gray lines. c—f Structural details of activation-related motifs in DP1,
showing the ligand binding pocket (c), the T>*2-L343-F¢** motif (d), the sodium-
binding site (e), the EC**°W and DP”*°xxF motifs (f). The ligands in (a-f) are shown
as sticks with carbon atoms colored in gold (PGD2) or cyan (ONO3030297). g MD

analysis of K76** interactions with D722°° and PGD2. h ONE-GO G; signaling assay
comparing the concentration-response signal induced by PGD2 at WT DP1 with
activation-related mutants. The data are normalized to the basal signal (set at 0%)
and the maximal PGD2-induced signal at WT DPI (set at 100%). Data points corre-
spond to means + SEM for three biologically independent experiments conducted
in triplicates. The corresponding E;,,,x and ECso values are shown in Supplementary
Table 2. Source Data are provided as a Source data file.

narrower cavity due to the closer proximity of the TM3-TM6-TM7
bundle (Fig. 5¢, d). To avoid steric clashes, the entire G heterotrimer
rotates around the axis perpendicular to the membrane by -15-20
degrees clockwise looking from the intracellular side with respect to
the receptor, compared to $,AR-G, (Fig. 5b). Additionally, the a5 helix
of Ga extends toward TM1 of DP], rather than turning towards TM6 as
in B,AR-G;. Such an arrangement is common among prostanoid
receptors®4>*¢,

The C-terminal residues L394%1526 and 1393%"5% (superscript
indicates the common Ga numbering (CGN) system®) of the a5 helix
extend into a hydrophobic pocket formed by L40", F61>4, Y62%*,

V65%**¢, and 13247%* on the cytoplasmic ends of TM1, TM2, and TM7 of
DP1 (Fig. 5e, f). The backbone carbonyl of Y391°*5% on the a5 helix
makes a hydrogen bond with R327%4 of DPL. The R327%4’A mutation
significantly reduces the potency of PGD2 by over 70-fold, suggesting
this interaction is crucial for the recruitment of Goy (Fig. 4h and Sup-
plementary Table 2). The sidechain of E392"*2* on the a5 helix of Ga
interacts with the backbone nitrogen and carbonyl oxygen of L2582,
while Q390%"322 and Y391°"%% engage in hydrogen bonds with the
conserved residue E129>*° of the (E/D)RY motif as well as Y3916+52
hydrogen bonds with S133*% (Fig. 5e, f). The sidechain of F138'“? is
buried into a hydrophobic pocket formed by 1383°"55, R380%512,
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Fig. 5 | DP1-G; protein binding interface. a, b Structural comparison of DP1-G¢
complex (light colors) with B,AR-Gs (3SN6, dark colors), viewed within the lipid
membrane (a) and from the intracellular side (b). In the intracellular view (b), most
of G protein is hidden, with only o5 and aN helices of Gas helices shown to
demonstrate an ~15° clockwise rotation of G in DP1 compared to (3,AR. ¢, d A more

narrow intracellular cavity and a different orientation of the 5 helix in DP1 (c)
compared to B,AR (d). e, f Details of the DP1-G protein interface shown in two
different orientations. Salt bridges and hydrogen bonds are shown as red dashed
lines. The following colors are used in this figure: receptor (salmon), Gas (cyan), GB
(brown), Gy (violet), Nb-35 (green).

C3790.H5.ll’ F376G'H5'08, V217G'53'01, F2190'53'03, and H416.Sl.02 in G(XS (Flg Se).
The stabilization of the a5 helix is further reinforced by R2315%® and
E260°°, which form salt bridges or hydrogen bonds with D381¢H55/
Q3845151 and R385, respectively. Despite their involvement in
polar interactions with Gas residues, single mutations of E129**°A and
E260°%3°A showed little effect on the potency of PGD2 (Fig. 4h and
Supplementary Table 2), possibly because these interactions could be
substituted by other residues. For example, in the case of the E260°*°A
mutation, the neighboring residue F259°?° may potentially engage in a
salt bridge with R385¢H577,

Distinct conformation of H8

Both the inactive and active states of DP1 display distinctive arrange-
ments of H8, oriented along the membrane and interacting with TM6,
unlike the typical H8 conformation contacting TM1 as found in most
GPCRs (Fig. 6a, b). In the inactive state, the EM density in this region is
sufficient to model the majority of the H8 side chains up to the residue
P342%¢2, However, in the active state structures, the density becomes
substantially weaker, allowing only 7 residues to be modeled in the
alpha helical conformation followed by 3 unstructured residues, likely
due to increased mobility of H8. Overall, the conformation of H8 is
maintained through a combination of amphiphilic interactions with
the membrane and salt bridges with TM residues. Our MD simulations
of the inactive state DP1 support the integrity of H8 and its proximity
to TM6 throughout the simulation time of 1.2 ps, showing a stable
distance between the Ca atoms of key residues, such as D262°*2in TM6
and R332%%2 and R327%* (Supplementary Fig. 20a, b). The stability of

these interactions is further supported by the strong salt bridges
observed in MD between the carboxylate group of D262%*? and the
guanidinium groups of R332%°? and R327%*” (Supplementary Fig. 20d,
e, g, h,j, k). The modeling and analysis of H8 in MD simulations of the
active state suggest that the contact between TM6 and H8 is main-
tained despite the shifts of TM6 and TM7. However, the contact is
stabilized by a different salt bridge between D262%* in TMé6 and
K337%% in H8 (Supplementary Fig. 21c, f, i, I), the switch that is likely
correlated with the outward shift of TM6 and the corresponding
rearrangements in the intracellular region.

Our comparative analysis suggests a distinct role of H8 in DP1 and
other prostanoid receptors that differentiates them from other class A
receptors. In most class A GPCRs, the classical orientation of H8 along
the membrane boundary pointing towards TMI is stabilized by the
conserved side chains of F*° and F®** inserted between TM7 and TM17°
(Fig. 6e). Instead, in DP1 specifically, although this motifis retained, it is
shifted by a sequence insertion of an additional residue R327%, con-
served in prostanoid receptors, which in the inactive DP1 structures
positions its bulky side chain in the same space between TM7 and TM1
(Fig. 6¢). All other prostanoid receptors lack the “FxxxF” motif entirely,
with residues in these positions unable to stabilize H8 in its canonical
orientation. Indeed, when H8 was resolved in EP2, EP3, EP4 and TP, it
was found in contact with TM6 as observed in DP1; although in the
active states of EP4, FP and IP, no contacts of H8 with TM6 was
observed (Fig. 6d and Supplementary Table 4). Analysis of other
prostanoid receptors, combined with our MD simulations of
DP1 structures, suggests that the orientation of H8 can be stabilized by
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Fig. 6 | Conformation of H8. a, b Structural comparison of the inactive (blue) and
active (salmon) states of DP1 with the inactive state of B,AR (aquamarine), viewed
within the lipid membrane (a) and from the intracellular side (b). H8 flips over by
almost 180° within the plane of the membrane in DP1 contacting TM6, compared to
the classical orientation of H8 in B,AR contacting TML. ¢ Salt bridge between
R332%% and D262°3? in DP1, and two residues from the classical F3*°xxxF%>* motif in
B,AR overlapping with the side chain of R327%4" in DPL. d Structural comparison
between prostanoid receptors showing orientations of their H8: inactive DP1 (blue,
PDB: 9EKH), inactive B,AR (aquamarine, PDB: 2RH1), inactive EP4 (gray, PDB:
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5YWY), inactive TP (violet, PDB: 611U), active EP2 (yellow, PDB: 7CX2), active EP4
(orange, PDB: 7D7M), active FP (pink, PDB: 8IUK), active IP (tan, PDB: 8X7A).

e Multiple sequence alignment of H8 comparing (3,AR with prostanoid receptors.
f B-arrestin2 recruitment Tango assay showing the concentration-response signal
for WT DP1 and several mutants involved in receptor activation and stabilization of
H8. The signal is normalized to represent the percent increase above basal. Data
points correspond to means + SEM for three biologically independent experiments
conducted in triplicates. The corresponding E,ax and ECsg values are shown in
Supplementary Table 5. Source Data are provided as a Source data file.

the salt bridges between the conserved side chains of D/E®*? and R®*?
residues, and potentially R3*.

Our DP1 cell signaling assays suggest functional relevance of H8 in
both G protein activation and B-arrestin recruitment. The R32757A
mutation almost eliminated PGD2-induced signaling, while decreasing
receptor expression by about two times (Fig. 4h, Supplementary
Fig. 4a, and Supplementary Table 2). On the other hand, the D262°’A
mutation increased the potency of PGD2 in (-arrestin2 recruitment
Tango assay’’, whereas R332%5A decreased the potency of PGD2 in
both ONE-GO and Tango assays (Figs. 4h and 6f, Supplementary
Tables 2 and 5). Additionally, R327%4’A and R332%%A decreased DP1
basal signaling in cAMP accumulation assays (Supplementary Fig. 4b).
In the active state DP1 structures, R327%4 makes a hydrogen bond with
the backbone carbonyl of Y3915 on the o5 helix of Gas, while
R332%%2 also extends toward the o5 helix of Gas and may engage in
direct or water-mediated interactions with the C-terminal carboxylate
of Go or the sidechain of E392¢+524,

Discussion

Prostanoids represent a diverse group of bioactive lipids derived from
arachidonic acid, which includes prostaglandins (PGD2, PGE2, PGF2q),
prostacyclins (PGI2), and thromboxanes (TXA2)”>. They exert their
action by activating specific prostanoid G protein-coupled receptors,
regulating various physiological and pathological processes such as
inflammation, vascular tone, platelet aggregation, gastrointestinal

protection, and reproductive functions. Structures of seven out of the
nine prostanoid receptors in at least one of their conformational states
have been published” ', except for DP1 and EP1 receptors. Elucidating
these missing structures is essential to fully unravel the molecular basis
of prostanoid signaling and to support the rational design of receptor-
specific therapeutics targeting these critical signaling pathways.

In this study, we report five high-resolution cryo-EM structures of
DP1 captured in distinct functional states, including the apo state, the
inactive state bound to two inverse agonists, developed by ONO
Pharmaceutical, and the active G protein-coupled state bound to
PGD2 and BW245C. The DP1 receptor responds to elevated extra-
cellular concentrations of PGD2, predominantly released by immune
cells. Upon activation, DP1 transmits the signal inside the cell by cou-
pling to G, proteins, leading to an increase in intracellular cAMP levels.
This elevation in cAMP initiates downstream signaling cascades that
modulate key physiological processes, including the regulation of
inflammation, immune responses, and smooth muscle relaxation.
Through an integrated approach combining structural analysis, site-
directed mutagenesis coupled to functional assays, and MD simula-
tions, we elucidated the molecular determinants of ligand recognition
and selectivity, as well as the mechanisms underlying DP1 receptor
activation and inhibition. Furthermore, comparative analyses with
other structurally characterized prostanoid receptors revealed both
conserved and distinct structural motifs that govern ligand recogni-
tion, receptor activation, and G protein coupling efficiency.
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Similar to other prostanoid receptors, the ligand binding pocket
of the inactive DP1 receptor is capped on the extracellular side by the
ECL2 and N-terminus, stabilized by two disulfide bonds. The pocket,
however, remains open towards the lipid membrane via a gap between
TM1 and TM7, through which lipid-like ligands likely enter and exit the
binding site. Agonist binding induces shifts in TM1 and TM7, resulting
in an almost fully occluded binding pocket. The recognition of endo-
genous ligands occurs mainly through conserved in prostanoid
receptors residues Y*%, T/S¥'2, and R”#° that engage in hydrogen bond
and salt bridge interactions with the carboxylic group of the ligand, as
well as through hydrophobic interactions with conserved residues
WECLZ M/L3%2 and L/F7*. The selectivity towards specific prostanoids is
achieved through specific interactions with the central ring. In DP1, the
central D-ring of PGD2 makes a polar interaction with S80>*%, con-
served in EP2, EP4 and IP, and a hydrogen bond with non-conserved
K76>%.

The DP1 receptor lacks most of the conserved motifs of class A
GPCRs, resulting in a distinct activation mechanism, the key role in
which is played by residue K76*** not found in any other receptor. In
the inactive state, the K76>** side chain substitutes for the sodium ion
by occupying the sodium binding pocket and forming a salt bridge
with the conserved D72%°°. Upon agonist binding, K76>>* switches its
conformation to form hydrogen bonds with the ligand, allowing the
sodium binding pocket to collapse and the activation-related con-
formational changes to propagate toward the intracellular side of the
receptor. The hydrophobic bulky meta-xylene ring of the inverse
agonists restricts the conformational flexibility of K76>%, favoring its
interaction with D72>%° and thereby stabilizing the inactive state. Thus,
K76>* serves as a critical molecular switch between the inactive and
active states in DPL.

Additionally, DP1 exhibits a distinct conformation of H8 in both
inactive and active states, oriented toward TM6 rather than the clas-
sical orientation of H8 toward TM1 observed in other class A GPCRs.
This H8 arrangement is influenced and stabilized by the insertion of
the R® residue, conserved in prostanoid receptors, which can make
salt bridges with TM6—a feature shared with several other prostanoid
receptors. This distinct configuration of H8 appears to play function-
ally important role in modulating both G protein and B-arrestin
signaling.

The activation-associated displacement of the intracellular part of
TM6 in DP1 is substantially smaller compared to other Gs-coupled
receptors, resulting in a narrower intracellular cavity on the intracel-
lular side of the receptor. This leads to rotation of the heterotrimeric
G, protein to insert its a5 helix at a different angle and extending its
C-terminus toward TM1 rather than TMé6 as in most other class A
receptors. This distinct G, protein binding interface is also observed in
other Gs-coupled prostanoid receptors such as EP2, EP4, and IP.

In conclusion, although DPI1 shares certain conserved sequence
motifs, ligand recognition features, and G protein coupling arrange-
ments with other prostanoid receptors, it exhibits several distinctive
structural characteristics that define its specific mechanisms of acti-
vation and inhibition. These features offer valuable insights that could
be further leveraged for the rational development of therapeutics
selectively targeting DP1.

Methods

DP1 construct design for cryo-EM structure determination

For DP1 active state structure determination, the PTGDR gene (UniProt
Q13258) encoding the human wild type (WT) DP1 receptor was codon-
optimized for primary expression in insect cells and synthesized by
GenScript. The construct includes an N-terminal hemagglutinin (HA)
signal peptide (KTIIALSYIFCLVFA) to facilitate cell surface delivery and
a Flag-tag epitope (DYKDDDD) for assessing surface expression. At the
C-terminus, the construct features an HRV-3C protease cleavage site,
followed by a flexible linker (GSGGGGSGGGG), enhanced green

fluorescent protein (eGFP), and an 8xHis tag for rapid screening of the
expression system and purification purposes.

For the inactive state DPI,csbRIL construct, the human WT
PTGDR gene was similarly codon-optimized and synthesized by Gen-
Script, including the HA signal peptide and FLAG tag at the N-terminus,
identical to the active construct. The bRIL fusion was inserted into
ICL3, replacing residues R234-P257 and inserting a short linker
(ERARSTL) at the TM6 side of the junction. The receptor sequence was
followed by an HRV3C protease cleavage site and an 8xHis tag at the
C-terminus. Three point-mutations C130>*°R, H263°*3A, and D3197°N
were introduced using oligonucleotides (IDT) with internal mis-
matches and AccuPrime Pfx polymerase (Thermo Fisher Scientific) and
verified by Sanger sequencing (Genewiz). The modified DP1 plasmids
were subcloned into pFastBac vectors (Invitrogen) for baculovirus
expression in insect cells.

Expression and purification of an anti-bRIL Fab (BAG2)

The anti-bRIL Fab (BAG2) plasmid*® (a gift from Dr. Kossiakoff), was
expressed and purified according to published protocols®®%. Briefly,
BAG2 Fab in the pRH2.2 vector was transformed into E. coli BL21
Rosetta cells, cultured overnight in Miller’s Luria Broth (LB) media with
carbenicillin at 225 rpm and 37 °C. The culture was used to inoculate 1 L
of 2x Yeast Extract Tryptone (YT) media with glucose, MgCl,, and
carbenicillin, and grown until an OD600 of 0.6-0.8. Fab expression
was induced with 1.0 mM IPTG, and the culture was incubated at 20 °C
for 21 h. Cells were harvested, lysed in a lysing buffer containing 20 mM
HEPES pH 7.5, 150 mM NaCl, DNasel, and homemade protease inhi-
bitor (PI) cocktail, and sonicated three times using a Q500 sonicator
(Qsonica) with a standard probe 4220 and the following settings: Amp
95%, pulse on: 5, pulse off: 10's, for a total of 3 min. The lysate was
heated to 60-63°C for 30 min to improve the purity of Fab by
removing unstable bacterial proteins and Fab degradation products.
The lysate mixture was further centrifuged, and the supernatant was
purified using a HiTrap Protein L column (5 mL). The Fab was eluted,
concentrated to 15mg/mL using 30-kDa cutoff Amicon Ultra Cen-
trifugal Filter (Millipore). The final buffer is exchanged to 20 mM
HEPES pH 7.5, 150 mM NacCl, 20% glycerol, and flash-frozen for storage
at —80°C.

Expression and purification of an anti-Fab nanobody (Nb)

The anti-Fab nanobody (Nb) was also prepared as previously
described®. The Nb vector was introduced into BL21 E. coli cells,
which were cultured overnight in LB media with kanamycin at 37 °C.
The next day, this culture was used to inoculate 1L of Terrific Broth
(TB) media supplemented with kanamycin and grown until the
0OD600 reached 0.6-0.8. The cells were then induced with 1.0 mM
IPTG and incubated for an additional 18-20 h at 30 °C. After induc-
tion and incubation, the cells were harvested by centrifugation and
stored at —80 °C. The cell pellet was resuspended in cold Tris-EDTA-
Sucrose (TES) buffer containing 50 mM Tris pH 8.0, 0.5 mM EDTA,
and 20% sucrose, then stirred for 1 h at 4 °C. An additional 40 mL TES
was added and stirred for another hour at 4 °C, followed by cen-
trifugation at 10,000 xg for 30 min. The resulting supernatant
constituted the periplasmic extract, and the His-tagged Nb was
purified using a Ni-NTA resin, eluted with 250 mM imidazole, and
further purified via Superdex 200 10/300 GL. The purified Nb was
concentrated to 10 mg/mL using a 10-kDa cutoff Amicon Ultra
Centrifugal Filter (Millipore). The final buffer is exchanged to 20 mM
HEPES pH 7.5, 150 mM NaCl, 20% glycerol, and flash-frozen for sto-
rage at —80 °C.

Expression and purification of Nb35

The Nb35 plasmid®* was introduced into BL21 E. coli cells and cultured
overnight in LB media supplemented with 2% glucose, 1 mM MgCl,,
and carbenicillin at 37°C in a shaking incubator at 225rpm. The
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following day, this culture was used to inoculate 1L of TB media sup-
plemented with 0.1% glucose, 1 mM MgCl,, and carbenicillin. The cells
were grown until they reached an OD600 of 0.6-0.8, then induced
with 1.0 mM IPTG. After induction, the temperature was reduced to
20°C, and the cells were incubated for an additional 22 h. The cells
were then harvested by centrifugation and stored at —80 °C. Nb35,
which is expressed in the periplasmic space, was purified using nickel
affinity chromatography followed by size exclusion chromatography,
concentrated to 10 mg/mL, using a 10-kDa cutoff Amicon Ultra Cen-
trifugal Filter (Millipore). The final buffer was exchanged to 20 mM
HEPES pH 7.5, 150 mM NaCl, 20% glycerol, and flash-frozen in aliquots,
stored at —80 °C for future use.

Expression and purification of DP1;c; sbRIL-BAG2-Nb complex
The DP1ic 3bRIL construct was expressed in Spodoptera frugi-
perda (Sf9) insect cells (Expression Systems, Cat# 94-001F) using
the Bac-to-Bac baculovirus expression system (Invitrogen). Cells
were infected at a density of ~2x10° cells/mL at MOI of 5 and
grown for 48 h at 37 °C. Cells were harvested by centrifugation
and stored at —80 °C. The frozen cell pellets were initially thawed
and lysed in a hypotonic buffer (10 mM HEPES pH 7.5, 10 mM
MgCl,, and 20 mM KCI) using dounce homogenizer, followed by
centrifugation. The lysed cells were further washed two times
using high osmotic buffer (10 mM HEPES pH 7.5, 1.0 M NacCl,
10mM MgCl,, and 20mM KCIl) supplemented by homemade
protease inhibitor (PI) cocktail (containing AEBSF, E-64, leu-
peptin, and aprotinin), thus separating soluble and membrane
associated proteins from integral transmembrane proteins.
Washed membranes were re-suspended and homogenized by
douncing in a buffer containing 2 mg/mL iodoacetamide, 20 uM
(S)-1-(2-chloro-5-(2,6-dimethyl-4-((4-methyl-3,4-dihydro-2H-ben-
zo[bl[1,4]oxazin-2-yl)methoxy)benzamido)phenyl)cyclopropane-
1-carboxylic acid (ONO3030297) or (S)-2-(2-chloro-5-(2,6-dime-
thyl-4-((4-methyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-yl)meth-
oxy)benzamido)phenyl)acetic acid (ON02550289) (a gift from
ONO Pharmaceutical)”, and PI cocktail and incubated at 4 °C for
30 min. The membranes were then solubilized in a buffer con-
taining 25 mM HEPES pH 7.5, 500 mM NaCl, 0.5% (w/v) lauryl
maltose neopentyl glycol (LMNG, Anatrace) and 0.05% (w/v)
cholesteryl hemisuccinate (CHS, Sigma-Aldrich) for 2h at 4°C.
Insoluble debris was removed with ultracentrifugation at
60,000 x g for 50 min, and solubilized receptor was incubated
with 20 mM imidazole and Talon (immobilized metal affinity
chromatography IMAC) resin (Clontech) overnight at 4°C. The
following day, the receptor-bound resin was collected in a column
and washed extensively with twenty column volume wash buffer-1
(25 mM HEPES pH 7.5, 800 mM NacCl, 20 pM ONO compound, 0.1%
(w/v) LMNG, 0.01% (w/v) CHS, and 20 mM imidazole) and ten
column volume wash buffer-2 (25mM HEPES pH 7.5, 150 mM
NaCl, 20 pM ONO compound, 0.05% (w/v) LMNG, 0.005% (w/v)
CHS, and 30 mM imidazole). The DPI;c 3bRIL protein was then
eluted using elution buffer (25 mM HEPES pH 7.5, 150 mM NacCl,
20 pM ONO compound, 0.02% (w/v) LMNG, 0.002% (w/v) CHS,
and 250 mM imidazole).

To prepare the DPI;c 3bRIL-BAG2-Nb complex, the purified
ligand-bound DP1,¢; 3bRIL was then incubated overnight at 4 °C with
a 1.5-fold molar excess of BAG2 (anti-bRIL Fab) and a 2-fold molar
excess of Nb (Fab-stabilizing nanobody). The following day, the
mixture was injected into a Superdex 200 10/300 GL column,
equilibrated with running buffer (20 mM HEPES pH 7.5, 100 mM
NaCl, 0.00075% (w/v) LMNG, 0.000075% (w/v) CHS, 0.00025% (w/v)
GDN, and 20 uM ONO compound). Fractions corresponding to the
peak of the complex were collected and concentrated using a 100-
kDa cutoff Amicon Ultra Centrifugal Filter (Millipore) for cryo-EM
analysis.

Expression and purification of the human DP1-G,-Nb35 complex
Human DP1, DNGas, and Gy, were co-expressed in Sf9 insect cells
using the Bac-to-Bac baculovirus expression system (Invitrogen). Cell
cultures were grown to a density of -2 x 10° cells/mL in ESF 921 serum-
free medium (Expression Systems). Subsequently, the Sf9 cells were
co-infected by three baculoviruses encoding DP1, DNGas, and Gf,y, at
a multiplicity of infection (MOI) of 5 at a 1:1:1 ratio. The cells were
harvested by centrifugation 48 h after infection, and cell pellets were
stored at =80 °C until further use. Frozen cell pellets were thawed in a
hypotonic buffer containing 20 mM HEPES pH 7.5,100 mM NaCl, 5 mM
MgCl,, and 5 mM CaCl,, 0.1 mM TCEP supplemented with homemade
PI cocktail. After homogenization, 25 mU/mL apyrase (New England
Biolabs), 200 uM PGD2 or 20 uM BW245C, and 10 pg/mL Nb35 were
added to the suspension and incubated at room temperature for 1h.
Membranes were collected by ultracentrifugation for 30 min and fur-
ther solubilized with 20 mM HEPES (pH 7.5), 100 mM NacCl, 5mM
MgCl,, 5mM CaCl,, 0.1mM TCEP, 25 mU/mL apyrase, 0.5% (w/v)
LMNG, and 0.05% (w/v) CHS for 2 h at 4 °C. The supernatant was iso-
lated by centrifugation at 30,000 x g (Ti45, Beckman) for 45 min. The
isolated supernatant was incubated with anti-GFP resin (made in-
house) at 4 °C overnight. The resin was washed extensively with three
washing steps in buffer containing 20 mM HEPES (pH 7.5), 100 mM
NaCl, 0.1mM TCEP, and 200 uM PGD2 or 20 uM BW245C, supple-
mented with different concentration of detergents: 0.1% (w/v) LMNG,
0.01% (w/v) CHS in the first wash, 0.05% (w/v) LMNG, 0.005% (w/v)
CHS in the second wash. The complex was eluted by incubating with
15-20 IU of HRV-3C protease (GenScript) overnight at 4 °C and further
purified on a Superdex 200 10/300 GL column (GE Healthcare) in a
running buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 0.00075% (w/v)
LMNG, 0.000075% (w/v) CHS, 0.00025% (w/v) GDN, 100 pM TCEP, and
200 uM PGD2 or 20 uM BW245C). The peak fractions of the complex
bound to PGD2 and BW245C were collected and concentrated using a
100-kDa cut-off concentrator (Amicon) to approximately 4.2 mg/mL
and 7.5 mg/mL for cryo-EM sample preparation, respectively.

Cryo-EM grid preparation

The purified DP1;,c;3bRIL-BAG2-Nb and DP1-Gs-Nb35 samples (3.0 pL)
at a concentration of 4-7 mg/mL were applied to holey carbon grids
(Quantifoil R1.2/1.3, 200 mesh), pre-treated by glow-discharging at
20 mA for 40s. The grids for the DPILc 3bRIL-BAG2-Nb complexes
were then blotted for 3.0 s with a 10 s wait time, while the grids for the
DP1-Gs-Nb35 complexes were blotted for 2.5-3.5 s with a 5 s wait time,
before being vitrified in liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific).

Cryo-EM data acquisition and image processing

A total of 7240, 5747, and 5927 movies were collected for the three
DP1,c13bRIL-BAG2-Nb complexes in apo form, bound to ONO3030297,
and bound to ON02550289, respectively, using a Titan Krios (Thermo
Fisher Scientific) at the Stanford-SLAC Cryo-EM Center (S2C2). The
data were acquired with a 300 kV transmission cryogenic electron
microscope equipped with a Gatan BioQuantum K3 Energy Filter and a
Gatan K3 direct-electron detector. The movies from the DP1,c 3bRIL-
BAG2-Nb in apo form and bound to ONO3030297 were recorded in
super-resolution mode at a magnified physical pixel size of 0.86 A, with
defocus values ranging from -1.2 to —2.0 um. The total exposure time
was 3.1s, resulting in a total dose of 65 e-/A2 (70 frames). For the
DP1;c13bRIL-BAG2-Nb complex bound to ON0O2550289, the movies
were recorded in counting mode at a pixel size of 0.86 A, with defocus
values ranging from -0.8 to 2.2 um and a total exposure time 0of 2.33 s
at a dose of 65 e-/A2 (70 frames).

All datasets were motion-corrected using MotionCor2™, and the
contrast transfer function (CTF) parameters were estimated with Patch
CTF in cryoSPARC (v4.5.3 or v4.7.0)”". Images with a CTF fit resolution
better than 5 A were selected for further processing. Initially, template-
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free particle picking was performed using blob-picker, based on the
particles’ estimated size range of 80-220 A. This was followed by 2D
classification to create templates for template-based autopicking.
Particles were then extracted and subjected to multiple rounds of 2D
classification, resulting in the selection of 2,602,357, 690,071, and
969,860 particles for the DP1,¢; sbRIL-BAG2-Nb complex in apo form,
bound to ON03030297, and bound to ON0O2550289, respectively. For
ONO03030297, Topaz Train job’® was further performed using the
selected 2D class particles as a template. The resulting particles were
consolidated with previously selected particles in 2D classification, and
duplicates were removed. The selected particles for all datasets were
used to generate ab initio 3D models, followed by 3x iterative het-
erogenous refinements to clean up junk particles. The best class par-
ticles were re-extracted with the box size of 336 pixels for apo and
ONO02550289-bound, or 360 pixels for ON0O3030297-bound dataset.
Ultimately, 530,340, 252,569, and 425,371 particles were subjected to
3D non-uniform refinement, resulting in gold-standard Fourier shell
correlation (GSFSC) resolutions of 2.84 A, 2.87 A, and 2.91A for the
DP1;c3bRIL-BAG2-Nb complex in apo form, bound to ON0O3030297,
and bound to ONO2550289, respectively. For ONO3030297 and
ONO02550289-bound datasets, local refinements were further per-
formed with masks focused on the receptor or on the BAG2-Nb,
resulting in substantial improvement in map quality compared to the
consensus maps. The final composite maps were produced by Com-
bine Focused Maps in Phenix (v.1.21)"” at the overall nominal GSFSC
resolution of 2.89 A for both maps.

For the DP1-Gs-Nb35 complex bound to PGD2 and BW245C, a total
of 10,096 and 9476 movie stacks were acquired, respectively, on a
Titan Krios (Thermo Fisher Scientific) at the Core Center of Excellence
in Nano Imaging (CNI) of the University of Southern California. The
microscope was equipped with a Gatan BioQuantum K3 Imaging Filter
and a Gatan K3 direct-electron detector and operated at an accelera-
tion voltage of 300 kV. Images were recorded in super-resolution
mode at a defocus range of —0.8 pum to -2.0 pm with a nominal mag-
nification of 105,000x, resulting in a pixel size of 0.84 A. Each image
was dose-fractionated into 50 movie frames with a total exposure time
of 3.39 s, resulting in a total dose of 65 e /A2,

All raw movies were corrected for drift and beam-induced motion
using MotionCor2™, and the CTF parameters were estimated using
patch CTF estimation in cryoSPARC (v4.7.0)”". The initial autopicking
process was performed the same way as described above. Multiple
rounds of 2D classification and Topaz picking’® resulted in 1,199,532
and 2,440,146 particles for the DP1-Gs-Nb35 complex bound to PGD2
and BW245C, respectively, after removing duplicate particles. The
selected particles were then used for ab initio 3D reconstruction, fol-
lowed by 5% or 4x iterative heterogenous refinements, and the clean
particle stacks were re-extracted with a box size of 360 pixels. Subse-
quently, a total of 363,286 and 1,072,665 particles underwent 3D non-
uniform refinement, yielding GSFSC resolutions of 2.67 A and 2.47 A
for the DP1-Gs-Nb35 complex bound to PGD2 and BW245C, respec-
tively. Local refinements with masks focused on the receptor or on the
heterotrimeric Gs protein-Nb35 complex further improved the map
quality. The final composite map was generated by Combine Focused
Maps in Phenix (v.1.21)”” at GSFSC resolutions of 2.68 A and 2.45 A for
the DP1-Gs-Nb35 complex bound to PGD2 and BW245C, respectively.
All maps were sharpened by Sharpening Tool in cryoSPARC (v.4.7.0)".

Model building and refinement

For building an atomic model of the DP1,c; sbRIL-BAG2-Nb complex, an
AlphaFold2’® model for DP1,c sbRIL and the PDB entry 6WW2 for
BAG2-Nb were used as the initial model templates. For the DP1-Gs-Nb35
complex, an AlphaFold2”® DP1 model and the PDB entry 7CX2%” were
used as initial model templates for fitting in experimental density maps
using UCSF ChimeraX”. The generated structures were manually
inspected and adjusted in Coot (v.0.9.8.93)*° and further refined using

phenix.real space refine within Phenix (v.1.21)”". The ligands were then
added and manually fitted in Coot. The overall model was further
refined and validated by Phenix.

DP1 construct design and site directed mutagenesis for
functional assays

Both WT DP1 and DP1,¢; 3bRIL constructs previously used for insect cell
expression were subcloned into a pcDNA™3.1(-) vector (Thermo Fisher
Scientific, Cat# V79520). Using structure-based analysis and molecular
dynamic simulations, 23 mutations deemed important for DP1 func-
tion were identified and introduced separately to the WT DP1 construct
using Agilent QuickChange site-directed mutagenesis with synthetic
primers (Integrated DNA Technologies), AccuPrime™ Pfx SuperMix
(Invitrogen, Cat# 12344-040) and Dpnl restriction enzyme (New Eng-
land Biolabs, Cat# R0176S) in rCutsmart buffer (New England Biolabs,
Cat# B6004S). For cAMP assay, the GloSensor™ Technology -22F
cAMP Plasmid (Promega, Cat# E2301) was purchased from Promega.
For ONE-GO assay**, the ONE-GO Biosensors Kit was a gift from Mikel
Garcia-Marcos (Addgene kit #1000000224). For TANGO assay”’, the
PTGDR-TANGO plasmid was a gift from Bryan Roth (Addgene plasmid
# 66482). Five mutations, deemed to be important for (-arrestin
recruitment (D72%°°N, D262°*?A D3197*°N, R33252A), were introduced
to the TANGO plasmid in a similar manner described above. The
sequences for all plasmids were sequence verified using the Genewiz
(Azenta) sanger sequencing service.

Cell culture for functional assays

Both Human Embryonic Kidney 293T (HEK293T) cells (ATCC, Cat#
CRL-3216) and HTLA cells® (a gift from Dr. Majumdar) were maintained
in culture flasks using Complete Dulbecco’s modified Eagle medium
(DMEM) Media (Thermo Fisher Scientific, Cat# 11995065) supple-
mented with 10% heated inactivated Fetal Bovine Serum (FBS)
(Thermo Fisher Scientific, Cat# 10082147), 2 mM L-Glutamine (Thermo
Fisher Scientific, Cat# 25030081), 100 U/mL-100 ug/mL penicillin-
streptomycin (Thermo Fisher Scientific, Cat# 15140122) and grown in a
humidified atmosphere at 37°C and 10% CO,. Cells were passed
biweekly and seeded at a density of 10,000 cells/cm?* with respect to
the size of the culture flask once every 3-4 d using 0.1% trypsin-EDTA
(Thermo Fisher Scientific, Cat# 15400054).

Surface expression measurement by flow cytometry

Prior to conducting functional studies, surface expression levels of
each DP1 construct were measured relative to WT DP1 using flow
cytometry to detect the presence of a FLAG tag. A FLAG tag labeling
solution was prepared by performing a 1:100 dilution on an ANTI-
FLAG” M2-FITC antibody commercial stock (-1 mg/mL) (Sigma Aldrich,
Cat# F4049) using 1x TBS (Corning, Cat# 46-012-CM) supplemented
with 4% Bovine Serum Albumin (BSA) (Sigma Aldrich, Cat# A9576). A
FITC + 7-AAD working stock was then prepared by performing a 1:6
dilution of a commercial 50 ug/mL 7-AAD stock (Thermo Fisher Sci-
entific, Cat# 00-6993-59) using the previously prepared Anti-FLAG
FITC solution to achieve final concentrations of 8.3 ug/mL for both
ANTI-FLAG” M2-FITC and 7-AAD. A second working stock was prepared
in the same manner as described above, but was diluted with a 1x TBS,
4% BSA supplemented with 1.5% of Triton™ X-100 solution (Sigma
Aldrich, Cat# X100).

HEK293T cells were seeded in a 24-chamber culture dish (Corning,
Cat# 3524) at a density of 2.0 x 10° cells per chamber in 1 mL of Com-
plete DMEM Media. 5-7 h after seeding, each chamber was transfected
with 200 ng of a given DP1 construct (including empty vector as a
negative control) using TransIT"-2020 transfection reagent (Mirus,
Cat# MIR 5404) at a 1:3 ratio of DNA(ug):TransIT(uL) in Opti-MEM
serum free media (Thermo Fisher Scientific, Cat# 31985062). Trans-
fected cells were allowed to incubate overnight, after which the media
was replaced with Assay Media, containing DMEM, high glucose,
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HEPES, no phenol red media (Thermo Fisher Scientific, Cat#
21063029) supplemented with 1% dialyzed Fetal Bovine Serum (dFBS)
(Thermo Fisher Scientific, Cat# 26400044), 2 mM L-glutamine
(Thermo Fisher Scientific, Cat# 25030081), 1mM sodium pyruvate
(Thermo Fisher Scientific, Cat# 11360070), and 100 U/mL penicillin -
100 pg/mL streptomycin (Thermo Fisher Scientific, Cat# 15140122) to
avoid potential ligands present in FBS that could lead to unwanted
activation and desensitization of our receptor. Cells were then incu-
bated for an additional night to allow for maximal expression.

Transfected cells were removed from their incubator and washed
with 1x Dulbecco’s Phosphate-Buffered Saline (DPBS) (Quality Biolo-
gical, Cat#119-068-101), then unadhered using 1x versene (Thermo
Fisher Scientific, Cat# 15040066) and transferred to 1.5 mL Eppendorf
tubes. The cell mixture was centrifuged at 100 x g for 5 min, after which
the supernatant was removed, and the cell pellet was resuspended in
50 uL of Assay Media. The resuspended cells were transferred into two
separate wells, 10 uL each, of a round bottom 96-well plate (Corning,
Cat# 3799). Each well was then individually mixed with 10 pL of either
the FITC + 7-AAD or FITC + 7-AAD + Triton X-100 working stock solu-
tions. The plate was incubated for 20 min, after which the cells were
diluted with 180 L of 1x TBS buffer (Corning, Cat# 46-012-CM). The
plate was then run through a Millipore Guava EasyCyte™ 6HT-2L flow
cytometer controlled by the Millipore guavaSoft - ExpressPlus (v.3.6)
software, with the instrument being set to count 10,000 cells (error of
<1%) and simultaneously measure respective forward scattering, red
fluorescence to detect dead cells (640 nm laser and a Red-B 680/
30 nm fluorescent filter) and green fluorescence to measure receptor
expression (green 488 nm 20 mW laser and a Green-B 525/30 fluores-
cence filter). Using WT DP1 and empty vector transfected cells, suitable
gating, gain and threshold settings were determined to ensure ade-
quate spread and separation of the data points (Supplemen-
tary Fig. 22).

To determine the relative total surface expression of each con-
struct with respect to the WT DP1, the mean green fluorescence signal
from live expressing cells of the corresponding construct was nor-
malized by the signal from WT DP1 and expressed in percents.

Cyclic AMP GloSensor assay

HEK293T cells were seeded in a 6-chamber culture dish (Corning, Cat#
3516) at a density of 1.5 x 10° cells per well in 3 mL of Complete DMEM
Media. The cells were incubated for 5-7h at 37°C in a 10% CO,
atmosphere, after which a transfection mixture was prepared by
diluting a 1.5 uyg DNA mixture containing 0.2 ug of receptor DNA and
1.3 pg of GloSensor DNA (-22F, Promega, Cat# E2301) in 145uL Opti-
MEM serum-free media (Thermo Fisher Scientific, Cat# 31985062) and
mixed with 4.5 uL of TransIT"-2020 transfection reagent (Mirus, Cat#
MIR 5404) (1:3 ratio of DNA(ug):TransIT(uL)). The resulting mixture
was incubated for 25 min to facilitate complex formation and dis-
tributed dropwise with gentle rocking of the cell containing dish after
which the cells were allowed to incubate overnight at 37 °C and 10%
CO,. Following overnight incubation, transfected cells were washed
with 1x Dulbecco’s Phosphate-Buffered Saline (DPBS) (Quality Biolo-
gical, Cat# 119-068-101) and transferred to a poly-D-lysine treated
(Thermo Fisher Scientific, Cat# A3890401) white bottom 96-well plate
(Corning, Cat# 3917) using 1x versene (Thermo Fisher Scientific, Cat#
15040066) at a density of 50,000 cells/well in 100 L of Assay Media
containing DMEM, high glucose, HEPES, no phenol red media (Thermo
Fisher Scientific, Cat# 21063029) supplemented with 1% dialyzed Fetal
Bovine Serum (dFBS) (Thermo Fisher Scientific, Cat# 26400044), 2
mM L-glutamine (Thermo Fisher Scientific, Cat# 25030081), 1mM
sodium pyruvate (Thermo Fisher Scientific, Cat# 11360070), and
100 U/mL penicillin - 100 pg/mL streptomycin (Thermo Fisher Scien-
tific, Cat# 15140122) and serially diluted and incubated for an addi-
tional night at 37 °C in a 10% CO, atmosphere. For inverse agonism
trials involving ON02550289 and ONO3030297, cells were transfected

with triple the amount of receptor and at a higher DNA to cell ratio to
account for the relatively low basal activity of DP1, ensuring the
detection of measurable effects induced by the inverse agonists. In line
with the methods described above, 1.5x10° HEK293T cells were
transfected with 0.6 pg of receptor DNA and 1.4 pg of GloSensor DNA
for a total of 2.0 pg of DNA using 194 L of Opti-MEM serum-free media
and 6 pL of TransIT-2020 reagent (1:3 ratio of DNA(ug):TransIT(uL)).

The following day, 200uL of 30 mg/mL GloSensor™ Assay
Reagent (Promega, Cat# E1290) dissolved in 10 mM HEPES pH 7.5 was
diluted in 10 mL of Assay Media, resulting in a final GloSensor reagent
concentration of 0.6 mg/mL. This GloSensor supplemented Assay
Media was used to replace the existing cell growth media in the 96-well
plate containing transfected cells, with 80 uL added to each well. The
plate was then incubated at room temperature in the dark for 100 min,
after which a total luminescence pre-read was obtained to measure
basal activity. 10 uL of 240 uM 3-isobutyl-1-methylxanthine (IBMX)
diluted in Assay Media was then added to each well and incubated for
an additional 20 min. 20 mM stock solutions of each ligand including
PGD2 (MedChemExpress, Cat# HY-101988), BW245C (Cayman Che-
mical, Cat# 12050), ON02550289 and ON03030297 (Ono Pharma-
ceutical) were prepared in DMSO (Thermo Fisher Scientific, Cat#
D12345). The ligand stocks were diluted to a 400 uM (4x working
solution) using Assay Media. The 4x working solutions were then
serially diluted across 8 points with Assay Media using a 1:8 dilution
factor, resulting in a concentration range from 400 uM to 190.8 pM
(final 1x concentrations from 100 uM to 47.7 pM). Next, 30 uL of the 4x
serially diluted ligand solutions were added to their respective wells
resulting in a final volume of 120 pL at a final ligand concentration of 1x.
A total luminescence signal was immediately measured in each well
using a BioTek Synergy H4 Hybrid Multi-Mode Microplate reader with
a hole filter at 22 °C over 45 min, with 2 min 30 s reading intervals and
an integration time of 1s. The protocol was repeated across 3 biolo-
gically independent trials (n = 3) with each independent trial consisting
of 3 or 24 technical replicas per condition.

Due to the inherent cytotoxicity of PGD2%, data at 100 uM con-
centration were omitted from further analysis. For agonists, raw
luminescence values collected 30 min after ligand addition were nor-
malized to the maximal signal from 12.5uM PGD2 at WT DP1 (set at
100%) and the basal signal from wells without added drug (set at 0%).
For inverse agonists, the raw data were normalized to the basal signal
(set at 0%) and the signal from empty vector-transfected cells (set at
-100%). The normalized data were then analyzed using nonlinear
regression with the log(agonist) vs. response - variable slope (four
parameters) model in GraphPad Prism v. 10.0.2.

B-Arrestin2 recruitment TANGO assay

For measuring -Arrestin2 recruitment, the TANGO assay”*! was used.
HTLA cells were seeded in a 6-chamber dish at a density of 1.5x10°
cells per chamber in Complete DMEM Media. Cells were incubated for
5-7h at 37 °C in a 10% CO, atmosphere, after which cells were trans-
fected with 1.5 pg of a given DP1 construct in a TANGO vector using the
same transfection protocol as in the GloSensor assay section. Cells
were incubated overnight and then transferred using 1x versene
(Thermo Fisher Scientific, Cat# 15040066) to a poly-D-lysine treated
(Thermo Fisher Scientific, Cat# A3890401) white bottom 96-well plate
(Corning, Cat# 3917) at a density of 50,000 cells/well in 100 uL of Assay
Media and incubated for an additional night. The following day, a
20 mM PGD2 (MedChemExpress, Cat# HY-101988) stock in DMSO was
diluted to 30 uM (3x solution) using Assay Media containing DMEM,
high glucose, HEPES, no phenol red media (Thermo Fisher Scientific,
Cat# 21063029) supplemented with 1% dialyzed Fetal Bovine Serum
(dFBS) (Thermo Fisher Scientific, Cat# 26400044), 2 mM L-glutamine
(Thermo Fisher Scientific, Cat# 25030081), 1mM sodium pyruvate
(Thermo Fisher Scientific, Cat# 11360070), and 100 U/mL penicillin -
100 pg/mL streptomycin (Thermo Fisher Scientific, Cat# 15140122) and
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serially diluted and serially diluted over 8 points using a 1:5 dilution
factor to achieve a concentration range from 30 uM to 384 pM (final 1x
concentrations from 10 uM to 128 pM). 50 uL of serially diluted 3x
PGD2 was then added directly to the cell media of each respective well,
and the cells were allowed to incubate for an additional night. On day 3,
the Assay Media was aspirated and replaced with TANGO Assay Buffer
(20 mM HEPES pH 7.4, 1x HBSS) containing 1:20 fold diluted Bright-Glo
(Promega) reagent. Luminescence was measured using a BioTek
Synergy H4 Hybrid Multi-Mode Microplate plate reader equipped with
a hole filter at 22 °C over 45 min with 2 min 30 s reading intervals and
integration time of 1s per well. A total of 3 independent trials (n=3)
were conducted, each independent trial consisting of 3 repeats per
condition. Wells without added ligand were used to measure basal
activity while cells transfected with an empty vector served as a
negative control for background luminescence.

The raw luminescence concentration-response data, collected
30 min after Bright-Glo reagent addition, were normalized to reflect
the percentage change relative to the basal signal. The normalized data
were analyzed using nonlinear regression with the log(agonist) vs.
response - variable slope (four parameters) model in GraphPad Prism
v.10.0.2.

ONE-GO BRET G protein activation assay
The ONE-GO BRET assay>*** measures direct G protein activation by
using selective biosensor towards specific Ga subunits. The biosensor
comprises a single plasmid encoding specific YFP-fused Ga subunit
and membrane-anchored nanoluciferase fused to a peptide or protein
domain exhibiting high selectivity binding towards the corresponding
Ga-GTP complex. HEK293T cells were seeded in a 6-chamber culture
dish (Corning, Cat# 3516) at a density of 350,000 cells per well in 2 mL
of Complete DMEM Media and incubated overnight. The following
day, cells were transfected with the respective receptor construct in
pcDNA3.1 (200 ng), ONE-GO Gas BRET sensor in pcDNA3.1 (50 ng), and
empty vector pcDNA3.1 (750 ng, to facilitate homogeneous distribu-
tion of the target DNA) using PEI STAR™ transfection reagent (Tocris,
Cat# 7854) at a ratio of 1:3 DNA(ug):PEI(ug). After transfection, the cells
were allowed to incubate overnight at 37 °C and 10% CO,. The fol-
lowing day ONE-GO assay was performed.

PGD2 (MedChemExpress, Cat# HY-101988) was dissolved to
20 mM in DMSO (Thermo Fisher Scientific, Cat# D12345). The stock
was then further diluted to 30 uM (3x) using BRET buffer (140 mM
NaCl, SmM KCI, 1 mM MgCl,, 1 mM CaCl,, 0.37 mM NaH,PO,, 20 mM
HEPES pH 7.4, 0.1% Glucose). The 30 uM working stocks were then
serially diluted using a 1:8 dilution factor across 7 points to produce 3x
stocks with a concentration range from 30 uM to 114 pM with the final
8" point containing no drug as a control. Once prepared, the
6-chamber culture dish containing the transfected cells were removed
from the incubator, media was aspirated from each chamber and the
cells were unadhered via trituration using 1 mL of DMEM, high glucose,
HEPES, no phenol red media (Thermo Fisher Scientific, Cat#
21063029). Unadhered cells were transferred to an Eppendorf tube
and centrifuged at 500 x g for 5 min. The supernatant was aspirated,
and the pelleted cells were resuspended in 300 uL of BRET Buffer to
produce a cell density of ~1.5 x 10 cells/mL. 10 uL of resuspended cells
were then transferred to each well (15,000 cells/well) of a white bot-
tom 384-well plate (Revvity, Cat# 6007290), and centrifuged at
200 x g for 2 min. 10 uL of 3x serially diluted drug was then added to
respective wells after which the cells were centrifuged once more at
200 x g for 2min and incubated for 5min to allow for drug binding.
During the incubation, 30 uM (3x) Coelenterazine 400a (CTZ400a,
Nanolight Technology, Cat# 340-10) solution was prepared by diluting
2mM CTZ400a stock in NanoFuel-400a solvent (Nanolight Technol-
ogy, Cat# 397-10) using BRET buffer. After a 5-min incubation, 10 uL of
the 3x CTZ400a solution was then distributed across all wells, and the
plate was centrifuged at 200 x g for 2 min. The plate was then inserted

into a PHERAstar FSX plate reader (BMG Labtech), and a gain adjust-
ment was performed using the well with the highest expected lumi-
nescence. Using the adjusted gain, a kinetic reading was recorded over
30 min at 28 °C using a top optic BRET 1 plus optic module (535-30 nm
and 475-30 nm filters) with simultaneous dual emission detection and
0.32's measurement intervals. The protocol was repeated across 3
biologically independent trials (n=3) with each independent trial
consisting of 3 technical replicas per condition.

The emission data were observed to stabilize after 6 min post
CTZ400a addition, and these time points were used for further data
processing. BRET ratios were calculated by dividing the 535-30 nm
emission by the 475-30 nm emission in the PHERAstar FS MARS (v. 5.02
R3) software and exported to Microsoft Excel for further processing.
The basal activity of each mutant was estimated by averaging the raw
BRET signals from the wells containing no agonist for a given mutant.
BRET data at different agonist concentrations were presented as the
difference between the raw BRET signal and the corresponding basal
signal (ABRET). The ABRET values for different mutants were nor-
malized by the maximal ABRET value for the WT receptor and
expressed in percents. The resulting normalized ABRET % data were
analyzed in GraphPad Prism (v. 10.0.2) using a nonlinear regression
with the log(agonist) vs. response - (three parameters) analysis to
produce the curves.

Statistical analysis. All statistical analysis was done using GraphPad
Prism v. 10.0.2. For ONE-GO and TANGO concentration-response data
sets, a nested one-way ANOVA test with Dunnett’s multiple compar-
ison correction relative to WT DP1 was conducted and used to calcu-
late adjusted P-values of logEC50 and Emax values for nonlinear
regression models. For expression and basal activity data sets, a one-
way ANOVA test with Dunnett’s multiple comparison correction rela-
tive to WT DP1 was employed.

Molecular dynamics (MD) simulations. All MD simulations were
conducted with Gromacs® (v.2020.3) simulation engine under
Charmm36 force-field parameters and topologies®®. The initial
coordinates were derived from the corresponding cryo-EM apo, active,
and inactive state DP1 complexes; missing side-chains, mutations, and
minor loops were restored to WT and optimized using the ICM-Pro®¢
v.3.9-3a (Molsoft LLC) followed by structure regularization in the same
software. The missing residues in cryo-EM models corresponding to
the a-helical domain and a flexible loop (residues 257-262) of Gas were
not restored but, instead, were connected by flexible linkers across the
gaps. All titratable residues were assigned charges corresponding to
their dominant forms at physiological pH = 7.4, with one exception of
D72, The carboxyl group of D72**° side chain has been proposed to
transition from charged to protonated neutral state upon receptor
activation®®, To test this hypothesis, we built two identical models of
the active DP1-PGD2-G; complexes using CHARMM-GUI: one with
D722%° deprotonated and one with D72*% protonated. Each model was
subjected to an independent set of MD simulations under identical
settings.

The complete atomic systems for MD simulations were prepared
with the CHARMM-GUI®’ interface (v.3.7). The molecular compositions
of the systems are listed in Supplementary Table 6. The protein com-
plexes were embedded in a lipid bilayer composed of 1,2-dipalmi-
toylphosphatidylcholine  (DPPC), dioleoyl phosphatidylcholine
(DOPC), or 1,2-palmitoyloleoylphasphatidylcholine (POPC), and cho-
lesterol (CHL) at a ratio of DPPC:DOPC(or POPC):CHL = 0.55:0.15:0.30,
referencing the setup used in GPCR simulations®®. The systems were
solvated with TIP3P water. All ligands were parameterized using the
Ligand Reader & Modeler tool in the CHARMM-GUI*” interface (v.3.7).
Nine independent trajectories per each model were simulated starting
from the corresponding initial system. After initial energy minimiza-
tion, all systems were equilibrated for 60 ns, followed by production
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runs of 1200 ns (1000 ns for the active state DP1-Gs complex with
protonated D72%%°) under NVT ensemble with V-rescale thermostat at
310 K (Supplementary Table 7). The simulations were performed on a
GPU cluster at the Center for Advanced Research Computing (CARC)
of the University of Southern California. MD trajectories were analyzed
using MDTraj*” and MDAnalysis’® packages. Residue-based root mean
square fluctuations (RMSF) and root mean square deviations (RMSD)
for receptor and ligands are shown in Supplementary Figs. 23 and 24.
Structural figures were prepared using ICM-Pro® v.3.9-3a.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Structure coordinates have been deposited in the Protein Data Bank
(PDB) and cryo-EM density maps have been deposited in the Electron
Microscopy Data Bank (EMDB) under the following accession codes:
inactive state apo DP1;c3bRIL-BAG2-Nb: PDB 9EI5 and EMD-48077
(consensus map); inactive state ON02550289-bound DPI1,c 3bRIL-
BAG2-Nb: PDB 9EE5, EMD-47950 (composite map), EMD-71392 (con-
sensus map), EMD-71379 (focused map #1, receptor), EMD-71393
(focused map #2, BAG2-Nb); inactive state ON0O3030297-bound
DP1;c 3bRIL-BAG2-Nb: PDB 9EKH, EMD-48122 (composite map), EMD-
71651 (consensus map), EMD-71656 (focused map #1, receptor), EMD-
71657 (focused map #2, BAG2-Nb); active PGD2-bound DP1-Gs-Nb35:
PDB 9E9S, EMD-47802 (composite map), EMD-71658 (consensus map),
EMD-71659 (focused map #1, receptor), EMD-71660 (focused map #2,
Gs-Nb35); active BW245C-bound DP1-Gs-Nb35: PDB 9AUO, EMDB-
43839 [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-43839] (com-
posite map), EMD-71661 (consensus map), EMD-71662 (focused map
#1, receptor), EMD-71663 (focused map #2, Gs-Nb35). Atomic coordi-
nates for previously determined structures can be accessed via
accession codes: 2RH1, 3SN6, 5YWY, 5YHL, 6AK3, 6M9T, 6lIU, 6llV,
7CX2, 6WW2, 7CX3, 7CX4, 7D7M, 7WU9, 8GCM, 8GCP, 8GD9, 8GDA,
8GDB, 8GDC, 81Q4, 81Q6, SIUK, 8IUL, 8IUM, 8X79, 8X7A, 8XJK, 8XJL,
8XJM, 8XJN, 8XJO. MD trajectories have been deposited to Zenodo
under accession codes 15278219 (active, inactive, and apo states) and
15391966 (active state with protonated D72*%°). Source Data are pro-
vided as a Source data file. Source data are provided with this paper.
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