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Prostaglandin D2 (PGD2) signals through the G protein–coupled
receptor (GPCR) CRTH2 to mediate various inflammatory responses.
CRTH2 is the only member of the prostanoid receptor family that is
phylogenetically distant from others, implying a nonconserved mecha-
nism of lipid action on CRTH2. Here, we report a crystal structure of
humanCRTH2 bound to a PGD2 derivative, 15R-methyl-PGD2 (15mPGD2),
by serial femtosecond crystallography. The structure revealed a “polar
group in”–binding mode of 15mPGD2 contrasting the “polar group
out”–binding mode of PGE2 in its receptor EP3. Structural comparison
analysis suggested that these two lipid-binding modes, associated with
distinct charge distributions of ligand-binding pockets, may apply to
other lipid GPCRs. Molecular dynamics simulations together with muta-
genesis studies also identified charged residues at the ligand entry port
that function to capture lipid ligands of CRTH2 from the lipid bilayer.
Together, our studies suggest critical roles of charge environment in lipid
recognition by GPCRs.
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Eicosanoids constitute a group of signaling lipid mediators that
are derived from arachidonic acid or other polyunsaturated fatty

acids (1, 2). As the name indicates, they all possess a long hydro-
carbon chain with 20 carbon units, which is usually attached to a
carboxylic acid head group. Prostanoids including prostaglandins D2,
E2, and F2 (PGD2, PGE2, and PGF2); prostacyclin (PGI2); throm-
boxane A2 (TXA2) and leukotrienes including leukotriene B4, C4,
and D4 (LTB4, LTC4, and LTD4) are representative endogenous
eicosanoids that can induce signaling through G protein–coupled
receptors (GPCRs) to play critical roles in inflammation, immunity,
hemostasis, and tissue repair (1, 3–5). In humans, nine prostanoid
receptors have been identified: PGD2 receptors 1 and 2 (DP1 and
DP2), PGE2 receptors 1 to 4 (EP1 to EP4), PGF2 receptor (FP),
PGI2 receptor (IP), and TXA2 receptor (TP) (5). All of these re-
ceptors, except for DP2, belong to the α-branch of Class A GPCRs
as close phylogenetic neighbors of aminergic receptors (5, 6). DP2,
chemoattractant receptor–homologous molecule expressed on type
2 helper T cells (Th2) (also named CRTH2), is more closely related
to a group of chemotactic GPCRs in the γ-branch of Class A
GPCRs, including chemokine receptors and receptors for LTB4,
formylpeptides, and complement peptides C3a and C5a (6, 7).
Certain types of immune cells, including eosinophils, innate lym-

phoid cells, and Th2 cells, express high levels of CRTH2 (8–11).
PGD2 signaling through CRTH2 can induce chemotaxis of these
immune cells, which is a major pathway that drives the onset of type
2 inflammation (11–15). Therefore, the roles of PGD2–CRTH2
signaling axis in type 2 inflammation-related diseases such as asthma
and allergic rhinitis have attracted outstanding research interest (14,
16, 17). CRTH2 antagonists hold the potential of being a new class
of anti-inflammatory drugs (16, 18–24). Although clinical trials have
generated mixed results on different CRTH2 antagonists for asthma

(17–20, 25), it is likely that a certain subpopulation of patients, such
as those with a high baseline of Th2 cells or eosinophils, may benefit
most from anti-CRTH2 therapy (17, 24). In addition, it has been
proposed that insurmountable CRTH2 antagonists with prolonged
receptor residence time can provide better, therapeutic efficacy,
compared to reversible and fast, dissociating CRTH2 antagonists,
which needs further investigation (26).
We have previously reported crystal structures of CRTH2 bound

to two antagonists, CAY10471 and fevipiprant, which revealed a
positively charged environment of the ligand-binding pocket and a
potential ligand entry port (27). The structural analysis of antagonist-
bound CRTH2 suggested that PGD2 may enter the ligand-binding
pocket through the ligand entry port by opposite charge attraction
(27). Recently, crystal structures of several other prostanoid recep-
tors, EP3, EP4, and TP, and cryogenic electron microscopy
(cryo-EM) structures of the EP2 and EP4 signaling complexes with
PGE2 have also been reported (28–33). To further study the binding
of lipid agonists to CRTH2 and investigate if CRTH2 differs from
other prostanoid receptors in lipid recognition and receptor activa-
tion, we determined a 2.6-Å resolution, room temperature crystal
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structure of CRTH2 bound to a PGD2 derivative by serial femto-
second crystallography (SFX) using an X-ray free electron laser
(XFEL) source. We performed computational simulation studies
using the CRTH2–15R-methyl-PGD2 (15mPGD2) structure, which
helped identify the roles of specific residues surrounding the ligand
entry port and provided molecular insights into the events that could
facilitate ligand binding. Results from our mutational analysis of the
identified residues helped us further strengthen the proposed model
for ligand capture and entry in CRTH2.

Results
Structure Determination of Lipid Agonist-Bound CRTH2 by Serial
Femtosecond Crystallography. We used the same construct of hu-
man CRTH2 that we previously used to solve crystal structures of
antagonist-bound CRTH2 (27). To facilitate crystallogenesis, an
engineered T4 lysozyme (mT4L) with an additional eight-residue
linker was inserted into the intracellular loop 3, flexible C terminus
was truncated at R340, and the potential glycosylation site N25 was
mutated to alanine. The crystallization construct showed a compa-
rable PGD2-binding ability as the wild-type CRTH2 (wtCRTH2)
(27). We used 15mPGD2 instead of PGD2 in our structural studies
because 15mPGD2 has a higher affinity for CRTH2 (SI Appendix,
Fig. S1A), and it is a selective prostaglandin agonist for CRTH2
over the DP1 (34). The only difference between 15mPGD2 and
PGD2 is a methyl group at the 15-position carbon (C-15) (Fig. 1A).
The crystals of CRTH2 bound to 15mPGD2 were obtained in the
lipidic cubic phase (LCP) (35). Because of the small sizes of crystals
(maximal crystal size <10 μm), we used XFEL to collect SFX data
and solved the crystal structure at an anisotropic resolution of 2.6 to
3.2 Å (Materials and Methods) (SI Appendix, Fig. S1B and Table 1).
We observed clear and strong electron density of the ligand. Our
calculated simulated-annealing ligand-omit map was continuous,

even when contoured at 4 σ, which allowed unambiguous modeling
of 15mPGD2 in the structure (SI Appendix, Fig. S1C).

Overall Structure and Lipid-Binding Mode. The overall structure of
15mPGD2-bound CRTH2 is nearly identical to the antagonist
fevipiprant-bound CRTH2 (27), with a rmsd of 0.39 Å for all atoms
of CRTH2 in both structures (Fig. 1B), suggesting that we captured
an agonist-bound, inactive conformation of the receptor. Specifi-
cally, important structural motifs for receptor activation can be well
aligned in both structures (SI Appendix, Fig. S1D). It is likely that
agonists alone cannot stabilize CRTH2 in an active conformation,
similarly to that observed for the β2-adrenergic receptor (36) and
melatonin receptors (37, 38). Additionally, the inactive receptor
conformation may be constrained by the fusion partner.
The lipid agonist 15mPGD2 occupies the same ligand-binding

pocket in CRTH2 as the antagonist fevipiprant (Fig. 1C). The
N-terminal region of CRTH2 bound to 15mPGD2 forms a well-folded
structure with an α-helix (N-helix) and a loop (N-loop). The gap
formed between the N-loop and the extracellular part of TM7 has
been proposed to serve as the potential ligand entry port (27). The
N-helix and the extracellular loop 2 (ECL2) constitute a lid domain to
cover the binding pocket for 15mPGD2, leaving the ligand entry port
as the only open end of the ligand-binding pocket (Fig. 1D).
15mPGD2 adopts a “U” shape–binding pose with the two hydrocar-
bon chains extending from the central hydroxycyclopentanone ring
almost parallel to each other. The carboxyl head group of 15mPGD2
can be well superimposed to the carboxyl group of fevipiprant, which
forms a similar polar interaction network with nearby residues
R170ECL2, Y184ECL2, K2105.42, and Y2626.51 [superscripts indicate
Ballesteros–Weinstein numbering (39)] (Fig. 1E). The alkyl ω-chain of
15mPGD2 is surrounded by mostly aromatic residues, including
F872.60, F902.63, W97ECL1, H1073.28, F1113.32, Y183ECL2, and F2947.43.
These residues together with P2877.36 and L2867.35 form extensive

Fig. 1. Overall structure of CRTH2 bound to 15mPGD2 and its ligand-binding pocket. (A) Chemical structures of 15mPGD2, PGD2, and PGE2. C-9, C-11, and C-15
positions are indicated with italic numbers. (B) Overall structure of CRTH2 bound to 15mPGD2 and structure alignment with CRTH2 bound to fevipiprant. (C)
Overlapping, binding positions of 15mPGD2 and fevipiprant. (D) Potential lipid entry port. (E) Binding pocket of 15mPGD2. (F) Docking of PGE2 (pink) into the
15mPGD2- (yellow) binding pocket. Hydrogen bonds are shown as dashed lines.
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hydrophobic interactions with the ω-chain of 15mPGD2 (Fig. 1E).
Supporting such a binding mode, previous mutagenesis studies from
our group and others showed that mutations of R170ECL2A in human
CRTH2 (27) and mutations of H3.28A, F3.32A, K5.42A, and Y6.51A in
mouse CRTH2 (40) significantly reduced or abolished PGD2 binding.
In addition, the hydroxyl group at C-15 of 15mPGD2 forms hydrogen
bonds with the side chain of R170ECL2 and the main chain car-
bonyl group of C182ECL2; the carbonyl group at C-11 forms a
hydrogen bond with the main chain amine group of C182ECL2

(Fig. 1E). The Δ13 carbon–carbon double bond in 15mPGD2 is
close to the aromatic side chain of F902.63, engaging in potential
π–π interactions (Fig. 1E).
It has been reported that 15mPGD2 is over five times more

potent than PGD2 in inducing cellular signaling events (34), and
the inhibitory constant (Ki) value of 15mPGD2 in competing
antagonist ramatroban is about 20-fold lower than that of PGD2
(41). CRTH2 also prefers PGD2 over other endogenous prosta-
glandins such as PGE2 (>2,000-fold selectivity) (42). In our struc-
ture, the 15-hydroxyl group extends toward R170ECL2, because of
the R-configuration at the C-15 position, to form a hydrogen bond,
while in PGD2 the reversed stereochemical configuration at C-15
position would place the 15-hydroxyl group away from R170ECL2,
thus breaking the hydrogen-bonding interaction (Fig. 1E). Similarly,
15S-methyl-PGD2 with the S-configuration at C-15 also exhibited a

much lower affinity for CRTH2 compared to 15mPGD2 (34). We
further docked PGE2 into the 15mPGD2-binding pocket by su-
perposing a three-dimensional conformer of PGE2 on top of the
15mPGD2 molecule. In the docked structure, both the C-11 and
C-15 hydroxyl groups in PGE2 point toward F902.63 of CRTH2,
causing steric hindrance and breaking polar interactions with
R170ECL2 and C182ECL2 of CRTH2 (Fig. 1F). This may poten-
tially lead to the lower affinity of PGE2 for CRTH2 compared
to 15mPGD2.

Distinctive Lipid Recognition by CRTH2. Recently, structures of
several prostaglandin receptors have been reported, including
crystal structures of EP3 bound to two prostaglandin agonists,
misoprostol and PGE2, antagonist-bound EP4 and TP, and cryo-
EM structures of the EP2–Gs and EP4–Gi complexes with PGE2
(28–33). The structural comparison of 15mPGD2-bound CRTH2
to those structures of other prostanoid receptors reveals signif-
icant differences in lipid recognition and receptor activation.
As mentioned in the introductory section, CRTH2 belongs to

a different branch of Class A GPCRs compared to other pros-
tanoid receptors. Consequently, the extracellular region of
CRTH2 for ligand binding is distinct from that in other prosta-
noid receptors. In CRTH2, the ECL2 with a β-hairpin structure
protrudes from the 7-transmembrane (7-TM) domain and forms
a lid domain together with the well-folded N-terminal region to
cover the ligand-binding pocket (Fig. 2A). In EP2, EP3, EP4, and
TP, the ECL2 is buried inside the 7-TM domain, projecting to-
ward TM1 to form the lid domain by itself, which prevents ligand
access from the extracellular side (Fig. 2 B–E). As a result, PGE2
binds to its receptors more deeply inside the 7-TM domain com-
pared to 15mPGD2 in CRTH2. Interestingly, the orientations of
15mPGD2 and PGE2, relative to their receptors, are also different
(Fig. 2). The carboxyl group of 15mPGD2 is buried in the distal end
of the positively charged ligand-binding pocket of CRTH2, away
from TM1 and TM7 (Fig. 2A). The positive charge environment is
important for PGD2 binding. Mutations of individual CRTH2 res-
idues R170ECL2, Y184ECL2, K2105.42, and Y2626.51 at the distal end
of the ligand-binding pocket to the negatively charged glutamic acid
led to undetectable PGD2 binding (SI Appendix, Fig. S2). In con-
trast, in the structures of PGE2-bound EP2, EP3, and EP4, the
carboxyl group of PGE2 is close to TM1 and TM7, facing the ex-
tracellular side of the receptors with the ω-chain extending toward
the inside of the 7-TM domain (Fig. 2 B–D). Such a binding mode is
associated with a predominantly negatively charged environment of
the ligand-binding pockets in EP2, EP3, and EP4, which can help to
position the carboxyl group of PGE2 at the top of the ligand-binding
pockets through an electrostatic repulsion mechanism (Fig. 2 B–D).
It is likely that the binding pose of TXA2 in TP is similar to PGE2,
considering the structural similarity between TP and PGE2 recep-
tors and the fact that the ligand-binding pocket of TP is also neg-
atively charged (Fig. 2E). Supporting distinct lipid recognition
mechanisms for CRTH2 and other prostanoid receptors, EP2 res-
idues R7.40, Y2.65, and TECL2, that interact with the carboxyl group
of PGE2 are highly conserved in all prostanoid receptors except for
CRTH2 (33), while CRTH2 residues, R170ECL2, Y184ECL2, and
K2105.42, that form a polar interaction network with the carboxyl
group of PGD2 are not conserved in most of other prostanoid re-
ceptors (Fig. 2F). Therefore, we propose two lipid recognition
modes for the prostanoid receptors, the “polar group in” mode for
CRTH2 and the “polar group out” mode for the other prostanoid
receptors (Fig. 2G). These two lipid-binding modes for the pros-
tanoid receptor family may also apply to other lipid GPCRs as well
(see Discussion).
The different binding poses of lipid agonists in CRTH2 and

other prostanoid receptors also suggest nonconserved mecha-
nisms of receptor activation. The structure of EP3 bound to
PGE2 represents an active-like conformational state, character-
ized by an outward displacement of the cytoplasmic end of TM6

Table 1. Data collection and refinement statistics of
CRTH2–15mPGD2 complex

Number of crystals 7,061
Space group P212121
Cell dimensions, Å
a 51.4
b 67.8
c 265.4

Resolution, Å 32.4–2.60 (2.69–2.60)*
No. reflections 1,809,804 (12,462)
No. unique reflections 29,269 (2,540)
Rsplit, % 26.4 (513.5)
Mean I/σ(I) 2.4 (0.2)
CC*, % 99.1 (51.2)
Completeness, % 98.9 (90.6)
Multiplicity 61.8 (4.9)
Refinement
Resolution, Å 32.4–2.6†
No. reflections/free set 15,632/781
Rwork/Rfree 0.229/0.267

No. atoms
Protein 3,424
Ligand 26
Water and ions 51

B-factors, Å2

Overall 52.3
Protein 52.1
Ligand 36.2
Water and ions 77.2

rmsds
Bond lengths, Å 0.002
Bond angle, ° 0.48

Ramachandran stats, %
Favored 95.12
Allowed 4.88
Disallowed 0

*Values in parentheses are for highest-resolution shell.
†Data were anisotropically truncated by the STARANISO web server at 3.2-,
3.2-, and 2.6-Å resolution along the reciprocal unit cell vectors a*, b*, and c*,
respectively.
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starting at W6.48 in comparison to antagonist-bound EP4 (30). In
the EP3–PGE2 structure, the end of the ω-chain of PGE2 extends
toward TM6, forming hydrophobic interactions with residues
L2986.51 and W2956.48 (Fig. 3A). It has been proposed that the
direct contact of the ω-chain of PGE2 with W6.48 and sur-
rounding residues is important for the activation of the receptor
(30). Indeed, previous studies on other GPCRs suggested that
W6.48 functions as a “toggle switch” or a part of a “transmission
switch” with F6.44 that links the ligand binding at the extracellular

region to the activation of the receptor at the cytoplasmic region
(43, 44). For EP2 and EP4, the conserved W6.48 is replaced by
S6.48 (31–33). Structural studies on the EP2 signaling complex
with PGE2 suggested that a direct interaction between the
ω-chain of PGE2 and M1243.40 instead of W6.48, which packs
against F2736.44, may stabilize the active conformation of EP2
(33) (Fig. 3B). In CRTH2, the lipid agonist 15mPGD2 binds to a
much more superficial binding pocket compared to PGE2, and it
does not directly interact with the F6.44xxCW6.48 motif (Fig. 3C).

Fig. 2. Structural comparison analysis. (A) CRTH2 with 15mPGD2. The N-terminal region preceding TM1 is colored in light pink. (B–D) EP2, EP3, and EP4 with
PGE2 (Protein Data Bank [PDB] IDs: 7CX2, 6AK3, and 7D7M, respectively). (E) TP with ramatroban (PDB ID: 6IIU). The N-terminal region preceding TM1 is
colored in salmon. ECL2 in each receptor is colored in magenta. 15mPGD2, PGE2, and ramatroban are colored in yellow, green, and purple, respectively. The
carboxyl group in each ligand is circled. The charge distributions of ligand-binding pockets of these prostanoid receptors are shown in the lower panels. (F)
Sequence alignment of all prostanoid receptors. The alignment of ECL2 sequences was based on the alignments of two highly conserved residues, P4.50 and
the cysteine residue, in ECL2, forming the conserved extracellular disulfide bond. The alignment of TM5 sequences was based on the alignment of 5.50
residues in the receptors. (G) Two lipid-binding modes.

Fig. 3. PGE2 and PGD2 interact with different sets of residues to activate their receptors. (A) EP3 (brown) with PGE2 (green) (PDB ID: 6AK3). (B) EP2 (light
brown) with PGE2 (green) (PDB ID: 7CX2). The ω-chain of PGE2 extends below the 6.51 residue to interact with W2956.48 in EP3 or M1243.40 in EP2. (C) CRTH2
(cyan) with 15mPGD2 (yellow). PGD2 binds to a superficial binding pocket in CRTH2 so that the ω-chain of PGD2 is above the residue Y6.51. The hydrogen bond
is shown as a black dashed line.
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In the U shape–binding pose of 15mPGD2, the carboxyl group
forms a hydrogen bond with Y2626.51, and the ω-chain points to-
ward TM3, forming a hydrophobic interaction with F1113.32. Both
Y2626.51 and F1113.32, in turn, pack against W2596.48 (Fig. 3C).
This implies a distinct activation mechanism of CRTH2 compared
to the PGE2 receptors, which may involve residues Y2626.51,
F1113.32, and W2596.48.

Potential Lipid-Binding Process Revealed by MD Simulations. To ex-
plore the conformational dynamics associated with the lipid-
bound CRTH2, we carried out equilibrium molecular dynamics
(MD) simulations of CRTH2 in its ligand-free (apo) and
15mPGD2-bound (holo) states. We generated four independent
1-μs trajectories of CRTH2 embedded in TIP3P-solvated
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bila-
yers, two in apo (apo-1 and apo-2) and two in holo states (holo-1
and holo-2). The system preparation and MD simulation pro-
tocol are described in the Materials and Methods section. All four
trajectories remained stable over the 1-μs simulation, with the
receptor in the holo-1 system exhibiting relatively larger con-
formational deviations, as compared to the other three systems
(SI Appendix, Fig. S3). In all four simulation systems, the re-
ceptor mainly stayed in the inactive conformation, as in the
crystal structure. We analyzed the tilt of the seven transmem-
brane helices TM1 to TM7 and helix 8 with respect to the normal
to the plane of the membrane (z-axis) and observed no major
conformational changes of the transmembrane helices. The av-
erage tilt angles remained close to those observed in the crystal
structure in all four systems during the course of the simulation
(SI Appendix, Fig. S4). The SD values for the tilt angles of all
seven transmembrane helices were in the range of 0.8 to 2.3°
only, suggesting that there were no significant shifts in their
relative orientations. In contrast, H8 in all four trajectories
showed significant shifts in the tilt angle (SI Appendix, Fig. S4).
In contrast to the subtle conformational changes of the trans-

membrane helices, the 15mPGD2 molecule in both holo simulations
showed significant rearrangements during the simulation compared
to its initial conformation (Fig. 4 A and B). In holo-1, the confor-
mational changes associated with the bound 15mPGD2 molecule
were relatively subtle compared to those observed in holo-2, with its
anionic headgroup rearranged but still interacting directly with
R170ECL2 and its aliphatic ω-chain wedged between TM2 and TM3
(Fig. 4 A and C). In contrast to the subtle changes of 15mPGD2 in
holo-1, in holo-2, 15mPGD2 exhibited dramatic changes with respect
to its initial conformation. The molecule adopted a more linear
conformation, in contrast to the U-shaped conformation in the crystal
structure. The anionic headgroup of 15mPGD2 moved away from
both R170ECL2 and K2105.42 toward the extracellular side to form
new interactions with R175ECL2, which was accompanied by a dis-
placement of the N-helix toward the extracellular milieu (Fig. 4B and
D). This partial dissociation of 15mPGD2 may represent an inter-
mediate state in the ligand-binding/unbinding processes.
The subtle movement of 15mPGD2 in holo-1 was associated with

binding of a POPC molecule from the lipid bilayer to CRTH2,
which potentially hindered the partial dissociation of 15mPGD2, as
that observed in holo-2. In holo-1, the POPC molecule, POPC330,
moved toward ECL2 through the putative entry port between TM1
and TM7. At t = 0 ns, POPC330 was positioned near the entry port
with one of its acyl chains wedged between TM1 and TM7 (SI
Appendix, Fig. S5A). In this position, the phosphate group of
POPC330 was in close proximity of charged/polar residues lining
the entry port, including D321.32, R2847.32, and H95ECL1 at the
water–bilayer interface, while the acyl chains were flanked by hy-
drophobic residues from TM1 and TM7. The cleft formed by TM1
and TM7 has been shown to be a high-occupancy site for phos-
pholipids in atomistic and coarse-grained simulations of β2-adren-
ergic (45) and serotonin1A receptors (46), along with the role of
membrane cholesterol in regulating the occupancy of the TM1 to

TM7 cleft (47). Over the course of the simulation in holo-1, the
phosphate group of POPC330 formed salt bridges and hydrogen
bonds with H95ECL1, R2847.32, and R179ECL2, causing the POPC
headgroup to be laterally pulled toward ECL2 from the bilayer by
∼7 Å along the membrane plane (Fig. 5 A and B and SI Appendix,
Fig. S5B). The phosphate group initially formed transient salt–
bridge interactions with R179ECL2 and/or R2847.32. Subsequently,
the interaction with R179ECL2 was stabilized, allowing the POPC
headgroup to move further inward and, in turn, establish an inter-
action with R175ECL2 (Fig. 5C). No such inward movement of a
bilayer POPC molecule was observed in the other three trajectories,
despite the presence of a POPC molecule near the entry port at t =
0 ns in those systems (SI Appendix, Fig. S5). In order to accom-
modate the inward movement of the headgroup and acyl chains of
the captured POPC, TM1 moved away from TM7, increasing the
space within the entry port.
The binding of 15mPGD2 and POPC330 near the bilayer–water

interface observed in the two holo simulations may be suggestive
of how CRTH2 captures anionic lipid ligands. We propose that
the “cationic tetrad” of R2847.32, H95ECL1, R179ECL2, and
R175ECL2, which line at the ligand entry port and do not directly
interact with CRTH2 antagonists (27) or 15mPGD2 in the crystal
structures, constitute a lipid trap to enable the initial capture of
anionic eicosanoid lipids from the cell membrane. Previous studies
showed that mutation of R178ECL2 to Ala in mouse CRTH2,
which corresponds to R179ECL2 in human CRTH2, significantly
decreased the affinity of PGD2 for CRTH2 (40). We also per-
formed 3H-PGD2 saturation–binding assays on CRTH2 mutants
R175ECL2A, H95ECL1A, and R2847.32A (Fig. 5D). All mutants
showed comparable expression levels as the wtCRTH2 (SI Ap-
pendix, Fig. S6), with compromised PGD2 binding. The results
suggested the important roles of these residues in PGD2 binding,
supporting our proposed, lipid-capturing mechanism. Interest-
ingly, the side chains of R175ECL2 and R179ECL2, despite being
cationic, maintained their proximity and almost parallel orienta-
tion to each other in all four trajectories without any electrostatic
repulsion. This was due to the presence of an anionic residue,
D177ECL2, between R175ECL2 and R179ECL2 (Fig. 5B and SI
Appendix, Fig. S7), potentially circumventing any repulsion be-
tween the two residues. Therefore, we further propose that
D177ECL2 functions as the foil to help maintain the proper ori-
entation of the two cationic residues, which in turn allows the
effective capturing of anionic eicosanoid lipids. The vital role of
D177ECL2 in PGD2 binding was confirmed by mutagenesis study
(Fig. 5D and SI Appendix, Fig. S6).

Conformational Dynamics of CRTH2 in MD Simulations. The tetrad of
R2847.32, H95ECL1, R179ECL2, and R175ECL2 is centered around
the entry port at the water–bilayer interface, ∼19 Å away from
R170ECL2 and K2105.42 in the binding pocket. Once captured,
how the anionic group of the ligand is translocated across such a
distance toward R170ECL2 and K2105.42 is unclear. Our simula-
tion studies show that the binding pocket of CRTH2 undergoes
structural rearrangements, leading to significant changes in res-
idue packing. We characterized the residue packing changes
within the binding site in the simulations by calculating the radius
of gyration of the binding pocket (Fig. 6A). We defined the
binding pocket by considering those residues that are within 5.0
Å of the 15mPGD2 molecule in the crystal structure. The anal-
ysis shows that the removal of the bound 15mPGD2 in apo
simulations causes the packing within the pocket to relax, caus-
ing it to open up (Fig. 6A). Similar relaxation of the binding site
residue packing is also observed in holo simulations but to a
lesser magnitude, relative to the apo simulations. In holo-2, the
brief spike in the radius of gyration at t ∼150 ns corresponds to
the 15mPGD2-unbinding event. The changes in residue packing
can be attributed to conformational changes associated with
M17N-helix, W2837.31, and Y183ECL2 and the interactions between
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these residues (Fig. 6A). In the crystal structure, the N-helix is
nestled between the extracellular end of TM7 and ECL2, with
M17N-helix forming numerous contacts with the surrounding
residues. In particular, the side chain of M17N-helix is flanked by
W2837.31 and Y183ECL2 and is buried within the upper half of the
binding pocket (SI Appendix, Fig. S8). Such an arrangement of
these three residues is reminiscent of an Aro-Met-Aro “bridg-
ing” motif and is likely mediated by S-π/CH-π–type interactions
(48). Such Met-aromatic interactions are abundant in protein
structures (48–51).
We observed the disruption of the bridging motif character-

ized by the breakage of W2837.31–M17N-helix and/or Y183ECL2–
M17N-helix interactions (Fig. 6 B and C) in all four simulations,
resulting in the disorganization of the tightly packed hydrophobic
interaction network involving the extracellular end of TM7,
N-helix, and ECL2. We characterized the bridge disruption by
scrutinizing the distribution of W2837.31–M17N-helix distances and
W2837.31 χ1 rotamer angles. In the crystal structure, the W2837.31

side chain is pointed inwards (χ1 = −57.6°), favoring the formation
of the W2837.31–M17N-helix

–Y183ECL2 bridge motif. However, in
all simulations except holo-2, W2837.31 side chain flips outwards
(χ1 ∼180°), breaking the W2837.31–M17N-helix interaction and
leading to the bridge disruption (Fig. 6 D–G). As a consequence,
the N-helix moves away from the TM core (Fig. 6 H–K), associ-
ated with an increase in the volume of the translocation channel.
In selected representative conformations of CRTH2, the disrup-
tion of the bridge motif culminates in the increase of volume of
the translocation pathway from 1,435 Å3 (apo-1 at t = 0 ns) to
2,626 Å3, 2,345 Å3, 1,773 Å3, and 1,786 Å3 in apo-1, apo-2, holo-1,
and holo-2 simulations, respectively (SI Appendix, Fig. S9).
Based on this observation, we hypothesized that the bridging

motif mediated by M17N-helix might be of critical importance for
ligand binding. Abrogation of the W2837.31–M17N-helix

–Y183ECL2

bridging motif by mutation M17N-helixA disrupts PGD2 binding
(Fig. 5D), confirming the important role of M17N-helix in PGD2
binding. Considering the CRTH2–POPC interactions in holo-1,

the sequence of events leading to the ligand unbinding in holo-2,
and the associated changes in the bridging motif anchored by
M17N-helix, we speculate that the holo simulations represent po-
tential transitional states in the ligand-binding process: holo-1
gives glimpses into the initial ligand-binding events, while holo-2
shows stages of ligand unbinding. Collectively, our observations
suggest that the translocation of the anionic lipid ligand toward
the binding pocket is modulated by the dynamics of the N-helix
mediated by M17N-helix.

Discussion
Previously reported structures of CRTH2 bound to antagonists
revealed a nonuniform positive charge distribution in the ligand-
binding pocket, which has been suggested to guide the carbox-
ylate group of CRTH2 lipid ligands to reach the distal end by
opposite charge attraction (27). Indeed, the structure of CRTH2
bound to 15mPGD2 confirms that the carboxylate group of
15mPGD2 resides at the distal end of the ligand-binding pocket,
with the highest positive charge distribution, forming polar in-
teractions with R170ECL2 and K2105.42, both of which have been
shown to be critical for PGD2 binding (27, 40). The U shape
lipid–binding mode explains well the selectivity of CRTH2 for
different lipid ligands.
The polar group in–binding mode of PGD2 on CRTH2 contrasts

the polar group out–binding modes of lipid ligands on other pros-
tanoid receptors. These two distinct lipid-binding modes may also
apply to other lipid GPCRs. For example, structures of sphingosine-
1–phosphate receptor 1, lysophosphatidic acid receptor 1, and
cannabinoid receptors revealed negatively charged, ligand-binding
pockets associated with polar group out–binding modes of their
lipid ligands (27). Interestingly, these GPCRs and all prostanoid
receptors except CRTH2 belong to the α-branch of Class A GPCRs
(6). On the other hands, crystal structures of cysteinyl leukotriene
receptors (CLTRs) (52, 53) revealed positively charged, ligand-
binding pockets with uneven charge distribution, similar to that of
CRTH2 (SI Appendix, Fig. S10). In addition, the carboxylate group

Fig. 4. Conformational dynamics of 15mPGD2 in CRTH2 holo-1 and holo-2 systems. The CRTH2 structures at t = 0 ns (translucent gray ribbon) are superposed
with structures at t = 1 μs in holo-1 (A) (translucent green ribbon) and t = 1 μs in holo-2 (B) (translucent purple ribbon). In both panels, conformations of bound
15mPGD2 at t = 0 ns (translucent gray) and t = 1 μs (gold) are shown in stick and ball-and-stick representation, respectively. Salt–bridge interactions formed by
the carboxyl group of 15mPGD2 with R170ECL2, R175ECL2, and K2105.42 are shown as black dotted lines in A and B. Evolution of the salt bridges during the 1-μs
simulation in holo-1 (C) and holo-2 (D) systems are presented as blue, red, and yellow lines (50-point moving average) corresponding to 15mPGD2-R170

ECL2,
15mPGD2-R175

ECL2, and 15mPGD2-K210
5.42 interactions, respectively, with the dotted black line indicating the cutoff distance of 4.0 Å.
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of cysteinyl LTD4 has been proposed to be buried inside the binding
pocket of CLTR1 (53), adopting a polar group in–binding mode.
Therefore, it is likely that cysteinyl leukotrienes enter the lipid-
binding pockets of CLTRs through a similar opposite charge

attraction-facilitated mechanism, although the potential ligand
entrance in CLTRs is different from that in CRTH2 (53).
To study the conformational dynamics of the human CRTH2,

we carried out equilibrium MD simulations of the receptor in its
apo and holo states. In our simulations, the receptor structure in
holo systems in the presence of the agonist 15mPGD2 did not
exhibit or assume any active-like conformations with respect to
the intracellular end of TM6 or other conserved GPCR struc-
tural motifs. However, conformations sampled by CRTH2 in our
MD simulation studies, coupled with functional assays of re-
ceptor mutants, helped us identify the roles of critical residues
that were hitherto unrecognized or merely speculated upon.
Holo simulations provided glimpses into the nature of the li-
gand-binding/unbinding process and the associated, conforma-
tional changes there within. The observed interaction of a bilayer
POPC molecule with CRTH2 led to the identification of the
mechanistic role of the cationic tetrad in the initial ligand cap-
ture process. Our study highlights the cooperative effects of the
cationic tetrad R2847.32, R175ECL2, R179ECL2, and H95ECL1,
which act like fishhooks that aid in picking out anionic group-
containing lipids from the membrane, with D321.32 potentially
funneling the ligands toward the entry port. All of these residues
at the ligand entry port do not directly interact with 15mPGD2 in
the crystal structure; however, our mutagenesis studies con-
firmed their important roles in lipid recognition (Fig. 5D). In
FPR2, the residue at position 7.32 (D2827.32) has been suggested
to be important for interaction with short formylpeptides with
cationic, terminal moieties (54, 55). Also, a similar fishhook-like
role for a cationic residue in the capture of a lipid-like substrate
has been suggested for the bacterial lysophospholipid transporter
(56). Therefore, the role of the cationic tetrad and its interac-
tions with anionic lipids in CRTH2 could potentially represent a
common mechanism employed by certain GPCRs and other
membrane proteins. Our studies also shed light on the mecha-
nisms involved in the stabilization and orientation of the cationic
tetrad, especially R175ECL2 and R179ECL2. One of the distinct
features present in CRTH2 is the ordered N-terminal region,
and our study addresses one of the potential roles of the N-helix
in modulating the access to the binding pocket and its packing
via the W2837.31–M17N-helix

–Y183ECL2 bridge motif. Breaking of
either or both W2837.31–M17N-helix and M17N-helix

–Y183ECL2

S-π–type interactions displaces the W2837.31 and M17N-helix side
chains from the binding pocket. Such a disruption increases the
volume of the binding pocket in the simulations and could
facilitate ligand binding/unbinding.
Based on our computational and experimental findings, we

propose the following mechanistic model for the anionic, lipid-
binding process in CRTH2. We postulate that electrostatically
driven interactions with residues of the cationic tetrad R2847.32,
R175ECL2, R179ECL2, and H95ECL1, potentially assisted by D321.32,
favor the initial capture of anionic, lipid-like ligands and their sub-
sequent inward transition from the bilayer. Following the initial
binding and lateral inward movement of the anionic group, the re-
ceptor could shift through transitional conformations, as observed in
the holo simulations. Once the ligand anionic group is optimally
positioned, the complete/partial reestablishment of the bridging motif
W2837.31–M17N-helix–Y183ECL2 could facilitate the movement of the
anionic group into the binding pocket of the receptor toward R170
and K210, establishing the ligand-bound conformation, as observed in
the crystal structure.

Materials and Methods
Protein Expression, Purification, and Crystallization. CRTH2 was engineered,
expressed in insect Sf9 cells, and purified in complex with 15mPGD2, as
previously described (27). Microcrystals (5 to 10 μm) for SFX were grown in
LCP inside 100-μL gas-tight syringes, as previously described (57), and then
transported to XFEL for data collection. During sample transportation to
XFEL, the LCP in all syringes converted into a sponge phase. The sponge

Fig. 5. CRTH2–POPC interaction in holo-1 simulation and mutagenesis data.
(A) Interaction of a bilayer POPC molecule, with the residues lining the entry
port in holo-1 simulation. The structures of the receptor at t = 0 ns (trans-
lucent gray) and t = 1 μs (green) are shown in ribbon representation. The
entry port residues (pink), bound 15mPGD2 (yellow), POPC (gray), and
binding site residues R170ECL2 and K2105.42 (purple) are shown in sphere
representation. (B) Close up of the CRTH2 entry port–POPC interaction, with
the bound POPC (gray) and entry port residues (pink) shown in ball-and-stick
and stick representation, respectively. The interactions between the POPC
and the protein residues are shown as black dotted lines. (C) Evolution of
CRTH2–POPC intermolecular salt bridges during the 1-μs holo-1 simulation,
with the dotted black line indicating the cutoff distance of 4.0 Å. (D)
Saturation-binding assays on different CRTH2 constructs using 3H-PGD2. All
CRTH2 constructs were transiently expressed in human embryonic kidney
293 cells, and cell membranes were prepared and used in the ligand-binding
assays. Expression of each construct was confirmed by cell surface staining.
Nonspecific binding measured in the presence of access amount of PGD2 was
subtracted. The dissociation equilibrium constants (Kds) of PGD2 for the
wtCRTH2 and the R284A mutant are listed in the table shown on the right of
panel D. For other CRTH2 mutants, no saturable 3H-PGD2 binding was ob-
served, indicating mostly nonspecific binding. Each data point in the left
panel is shown as mean ± SEM and n = 3.
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phase with crystals was carefully separated from the precipitant and con-
verted back into LCP for injection in the XFEL beam. Details of protein
production and sample preparation for the SFX are described in SI Appendix.

Diffraction Data Collection and Structure Determination. SFX data were col-
lected at the coherent X-ray imaging instrument (58) of the Linac Coherent Light
Source (LCLS). A total of 850,000 images were recorded within ∼2 h using ∼50 μL
sample. A total of 20,358 potential, single-crystal diffraction patterns (crystal hits)
were identified using Cheetah (59). Indexing, integration, and merging of the
crystal diffraction data were performed using CrystFEL (60). The final dataset was
analyzed by the STARANISO webserver (61) and truncated to 3.2, 3.2, and 2.6 Å
resolution along the reciprocal unit cell vectors a*, b*, and c*, respectively. The
structure was solved by the molecular replacement method. Final data collection
and refinement statistics are shown in Table 1. Details of data collection and
structure determination are described in SI Appendix.

Radioligand-Binding Assay and Protein Surface Expression. The expression
levels ofwtCRTH2andmutants inhumanembryonic kidney293 (HEK293) cellswere
determined by flow cytometry experiments (SI Appendix). Binding assays were
performed using cell membranes expressing CRTH2 andmutants in the presence of
the radioactive 3H-PGD2 and nonradioactive PGD2 or 15mPGD2 (SI Appendix).

MD Simulations. Apo or holo configurations of CRTH2 were embedded into a
TIP3P-solvated bilayer comprising 300 POPC molecules. The systems were

neutralized by adding Na+ and Cl− ions. The protein, solvent, lipids, and ions
were modeled using CHARMM36 force-field parameters (62). Initial pa-
rameters for the 15mPGD2 molecule were generated using CHARMM gen-
eral force field [CGenFF (63)] implemented through the ParamChem (64, 65)
web server and were further refined using the GAAMP (63) web server.
Details are described in SI Appendix.

All simulations were performed using GROMACS version 5.1.2 (66). Long-
range electrostatics were calculated with the particle mesh Ewald scheme,
while a 12-Å cutoff was employed for estimating short-range, nonbonded
interactions. After energy minimization, the systems were equilibrated by
applying harmonic position restraints on nonsolvent heavy atoms, which were
gradually reduced over six equilibration steps (details in SI Appendix). All re-
straints were removed postequilibration and 1 μs production runs were carried
out at 303.15 K (No�se–Hoover thermostat) and 1.0 bar pressure (Parrinello–
Rahman barostat). Covalent bonds were constrained with linear constraint
solver algorithm (67). Pressure coupling was applied semiisotropically during
NPT equilibration steps and unrestrained production runs.

Analysis of MD Simulation Trajectories. The analysis is described in
SI Appendix.

Data Availability.Atomic coordinates and structure factors for the structure of
15mPGD2–CRTH2 have been deposited in the Protein Data Bank with the

Fig. 6. Conformational dynamics of the ligand-binding pocket in MD simulations. (A) Evolution of radius of gyration (50-point moving average) of the
binding site residues in 1-μs trajectories. Evolution of S-π–type W2837.31–M17N-helix (B) and Y183ECL2–M17N-helix (C) interactions in 1-μs trajectories. Scatter plot
showing distribution of W2837.31 (ring centroid)–M17N-helix (S-atom) distances and W2837.31 χ1 rotamer angles in W2837.31 apo-1 (D), apo-2 (E), holo-1 (F), and
holo-2 (G) trajectories. Structures with W2837.31 χ1 rotamer angle equal to the average W2837.31 χ1 rotamer angle in the last 500 ns of the simulation are
selected as representatives from each trajectory. The distance and χ1 rotamer angle corresponding to the crystal structure and representative structure from
each simulation are shown using a black star and square in the scatter plots. Organization of the W2837.31–M17N-helix–Y183ECL2 bridge motif in representative
structures, along with their W2837.31 χ1 rotamer angle, from apo-1 (H) (yellow), apo-2 (I) (pink), holo-1 (J) (green), and holo-2 (K) (purple) trajectories. The
bridge motif from the crystal structure (gray) is also shown superposed to the representative structure.
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accession code 7M8W. All other study data are included in the article and/or
supporting information.
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