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Gastrin releasing peptide receptor (GRPR), a member of the bombesin (BBN) G pro-
tein-coupled receptors, is aberrantly overexpressed in several malignant tumors, includ-
ing those of the breast, prostate, pancreas, lung, and central nervous system. Additionally,
it also mediates non-histaminergic itch and pathological itch conditions in mice. Thus,
GRPR could be an attractive target for cancer and itch therapy. Here, we report the inac-
tive state crystal structure of human GRPR in complex with the non-peptide antagonist
PD176252, as well as two active state cryo-electron microscopy (cryo-EM) structures
of GRPR bound to the endogenous peptide a$onist ;%astrin—releasing peptide and the
synthetic BBN analog [D-Phe®, p-Ala’', Phe™, Nle Y] Bn (6-14), in complex with
G, heterotrimers. These structures revealed the molecular mechanisms for the ligand
binding, receptor activation, and G, proteins signaling of GRPR, which are expected
to accelerate the structure-based design of GRPR antagonists and agonists for the treat-
ments of cancer and pruritus.

GRPR | cryo-EM | molecular mechanism

In mammals, the bombesin (BBN) receptor family belongs to the peptide G protein-cou-
pled receptors (GPCRs) and consists of three subtypes, the neuromedin B receptor
(NMBR/BB,), the gastrin-releasing peptide receptor (GRPR/BB,), and an orphan BBN
receptor subtype 3 (BRS-3/BB;) (1-3). These receptors are widely distributed in the central
nerve system (CNS) and peripheral tissues with extensive effects on the physiological and
pathological processes (4). Mammalian BBN receptors, especially GRPR, are of particular
interest in oncology as their high expression in several human cancers, such as the pros-
tate (5, 6), breast (7), and small-cell lung cancers (8), as well as in the CNS/neural tumors
including gliomas, neuroblastomas, and medulloblastomas (9). BBN is a 14-residue pep-
tide (Pyr-QRLGNQWAVGHLM-NH,) first isolated from the skin of the European
fire-bellied toad Bombina bombina and its mammalian counterpart gastrin-releasing pep-
tide (GRP), a 27-residue peptide, shares the same C terminus of Trp-Ala-Val-Gly-His-
Leu-Met-NH, with BBN (10). Many peptides derived from the C-terminal fragment of
GRP/BBN with high affinity for the BBN receptor family, have been employed as motifs
for tumor therapy and diagnosis (11, 12). The synthetic BBN analog, [D-Phe®, B-Ala'',
Phe'®, Nle'¥] Bn (6-14) has been shown to bind to all three human BBN receptors with
high affinity, and thus could be especially useful for this approach (13). On the one hand,
such peptides could be exploited to decrease the cancer proliferation for therapy, through
coupled with anticancer agents including paclitaxel, doxorubicin, marine toxins, magainin
IT, and so on (14). On the other hand, extensive efforts have been devoted to develop the
radiolabeled BBN compounds as GRPR imaging probes for the cancer diagnosis. However,
these peptides exhibit diverse conformations and the short half-life due to their fast met-
abolic degradation with approximately 600 different proteases in the human body (15).
PD176252 is the first non-peptide antagonist of GRPR with high affinity of K= 1.0 nM
(16). This antagonist could inhibit the growth and proliferation of lung cancer cells in a
dose-dependent manner with low toxicity (17). However, PD176252 and its derivatives
exhibit poor solubility and selectivity because of its excessive conformational flexibility
(18, 19). Thus, designing chemically stable GRP/BBN analogs with increased selectivity
and affinity for GRPR is of paramount importance (20). It has been very challenging to
design the GRP/BBN analogs due to lacking of the three-dimensional structure of GRPR.

Chronic itch is associated with the atopic dermatitis, allergic contact dermatitis, pso-
riasis, systemic diseases, neurological diseases, and drug side effect, and caused intense
suffering in everyday life of human beings (21). The clinical studies indicated that most
chronic pruritus was intractable to the antihistamine drugs and lack of safe and effective
therapeutic medication (22, 23). GRPR has been regarded as an extremely versatile recep-
tor in the spinal cord that was activated by GRP in dorsal root ganglion neurons to
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principally mediate the non-histaminergic itch (24-29). Ablation
of GRPR neurons completely abolishes all types of itch transmis-
sion including mechanical itch without impacting pain transmis-
sion (27, 30). GRPR is crucial for mediating opioid-induced itch,
a clinically significant side effect of opioid analgesia (31), via cross-
talk with p-opioid receptor (MOR) isoform 1D in mice and
MORI1Y in humans (32, 33). In addition, the deletion of GRPR
in the suprachiasmatic nucleus of mice abolishes contagious itch
transmission (34, 35). GRPR has been shown to be upregulated
in the spinal cord of various rodent and monkey models of chronic
itch and a blockade of GRPR dramatically attenuates chronic itch
(36-43). x-opioid receptor (KOR) agonists display potent
anti-nonhistaminergic pruritus effects and have been used in clin-
ical trials to attenuate chronic itch (44). KOR agonists exert their
anti-pruritus centrally by blocking GRPR function (45, 46).
Importantly, GRP/GRPR is highly conserved across animal species
(36, 47, 48), indicating that it is the principal receptor for non-
histaminergic itch in the spinal cord and trigeminal sensory neu-
rons. Therefore, the structure-based design of GRPR non-peptide
antagonists is promising to usher in a new avenue of potential
strategies for treating itch.

To illustrate the molecular mechanism of the ligand binding
and receptor activation, we determined two active-state cryo-elec-
tron microscopy (cryo-EM) structures of GRPR in complex with
the peptide agonists, the natural ligand GRP and synthetic BBN
analog [D-Phe®, ﬁ—Ala”, Phe'?, Nle!*] Bn (6-14). Moreover, we
determined the inactive-state crystal structure of GRPR in com-
plex with the non-peptide antagonist PD176252. Taken together,
these structures throw a light on the molecular mechanisms for
binding the peptide agonists and non-peptide antagonist of
GRPR. And these findings are expected to accelerate the struc-
ture-guided efforts for developing more selective and stable GRPR
agonists and antagonists with potential therapeutic effects for
cancer and non-histaminergic itch.

Results

Crystal Structure Determination of GRPR in Complex with
Non-Peptide Antagonist. The crystal structure of human GRPR-
PD176252 was solved at 2.95 A resolution, with N-terminal
23-residue and C-terminal 29-residue truncations, the Pyrococcus
abysii glyc0§en synthase (PGS) (49) insertion between A241>%
and K254%% at the intracellular loog 3 (ICL3), and mutations
of $127°¥K, 1157**A, and R259°*°E [superscripts indicate
Ballesteros-Weinstein numbers (50)], to improve the stability
and facilitate the crystallization (S Appendix, Fig. S1A and Table
S1). The determined GRPR structure exhibited a canonical
seven-transmembrane helical bundle (TMs1-7) architecture of
GPCRs (Fig. 1A4). The extracellular loop 2 (ECL2) of GRPR
formed a B-hairpin with extended anti-parallel p-strands, which
was observed in many peptide GPCRs (51-56) (Fig. 1A). This
B-hairpin structure was further stabilized by the conserved
disulfide bond between C113** and C196"“" connecting the
TM3 and ECL2 (Fig. 14).

Among the class A peptide GPCRs, GRPR showed high
sequence identity of 24% and 33% with the angiotensin receptor
AT R (57) and the endothelin receptor ETRR (58), respectively.
Compared with the inactive structures of AT R and ET;R, GRPR
exhibited the overall Co RMSD of 1.08 A and 1.10 A, respectively
(Fig. 1D). From the extracellular view, compared to AT, R, TM5,
and TMG of GRPR shifted inward by 2.7 A and 1.7 A (Cat of
P207>% and H290%°"), and TM2 and TM7 of GRPR moved
outward by 3.6 A and 5.7 A (Ca of L102*°° and M298"*)
(Fig. 1B). Compared with ETR, the extracellular parts of TM6
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of GRPR was observed a dramatic inward movement by 9.0 A
(Ca of H290%°") and TMs2/5/7 shifted outward by 1.2 A 3.1,
and 2.7 A (Ca of L102*%, P207°%, and M298"*) (Fig. 1B).
Surprisingly, the extracellular tilt of TM1 in GRPR exhibited a
significant outward shift by 11.5 A and 13.1 A (Ca of 139"
compared to AT|R and ETR (Fig. 1B). Considering that TM1
was not involved in the ligand-binding, its unusual conformation
might result from the crystal packing by interacting with TM1
and TM5 of GRPR in the asymmetry unit (Fig. 1B and
SI Appendix, Fig. S1C). The B-hairpin of ECL2 formed a lid con-
formation and moved closer to the ligand-binding pocket to sta-
bilize the non-peptide antagonist, compared to AT|R and ETR
(Fig. 1G).

From the intracellular side, TM1 and TM5 of GRPR shifted
outward by 3.7 Aand 2.5 A (Ca of T67" and N2365'64) and
TMG6 exhibited an inward movement by 2.8 A (Ca of K260%%Y),
compared to AT |R. With a comparison of ET;R, TM6 of GRPR
moved inward by 3.0 A (Cax of K260%") and TM1 shifted out-
ward by 2.7 A (Ca of T67"”) (Fig. 1C). Additionally, a short a
helix in ICL2 was observed in GRPR, which was not seen in AT, R
or ETR (Fig. 10). The helices 8 of GRPR and ETR extended
in parallel to the membrane, which was different from that of
AT R (Fig. 1D).

The toggle switch W277%% and P>O-1(V)>**_F** motif have
been characterized as the conserved microswitches in class A
GPCREs (Fig. 1E). Moreover, R259%*E could stabilize GRPR b
an additional polar interaction with R138>°° of the D**’R***y>!
motif, besides the ionic lock between D137*%’ and R138%%,
which induced an inward rearrangement of TM6 by 2.8 A and
3.0 A compared to the inactive AT|R and ETyR, respectively
(Fig. 1F). Additionally, unlike the classic N74P7%xY”>3 motif
conserved in AT |R, GRPR showed the NP7 (x)Y** motif
(NPFALY”*) similar to ETzR (NPIALY’*), with F3207°' of
GRPR forming an additional 7—7 interaction with Y3237
(Fig. 1H). Thus, the conformations of all microswitches indicated
that the determined GRPR crystal structure was in an inactive
state.

Non-Peptide Antagonist Binding to GRPR. The GRPR-PD176252
complex structure showed unambiguous electron density for the
non-peptide antagonist PD 176252 with extensive interactions in
the ligand-binding pocket (Fig. 24 and ST Appendix, Fig. S1E).
PD176252 is comprised of four moieties of a para-nitrophenyl,
a cyclohexyl, a para-methoxy-2-pyridine, and an indole (Fig. 2B).
PD176252 occupied the typical ligand-binding pocket of GRPR,
comparable to AT |R and ETR (Fig. 2 C-E). Specially, the para-
nitrophenyl of PD176252 extended to the extracellular region and
was responsible for a series of hydrophobic interactions with ECL2
and the top end of TMS5, which showed an obviously different
binding orientation compared to the non-peptide antagonists
ZD7155 of AT,R and K-8794 of ET,R (Fig. 2 C-E).

The 1-nitrogen atom of the para-nitrophenyl and the amide
nitrogen atom of PD176252 next to the para-nitrophenyl moiety
formed two hydrogen bonds with E175%%° (Fig. 2 A and B).
Indeed, E175*%A could significantly decrease the GRP-induced
calcium signaling by more than 10-fold (S/ Appendix, Fig. S6 and
Table S2). Remarkably, there was a hydrogen bond linking the
oxygen atom of the para-methoxy-2-pyridine of PD176252 and
R308"% of GRPR (Fig. 2 4 and B). This arginine of TM7 mutated
to alanine could dramatically reduce the GRP activation by
66-fold, indicating the importance of this hydrogen bond between
PD176252 and GRPR (S/ Appendix, Fig. S6 and Table S2). It was
also supported by previous structure-activity relationship (SAR)
studies that substitution of the methoxy group of the
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Fig.1. (A)Overall structure of GRPR-PD176252, with GRPR in blue cartoons and PD176252 in orange sticks. (B-H) Structural comparisons among GRPR (in blue),
AT,R (in green), and ETgR (in goldenrod) from the extracellular view (B) and the intracellular view (C), with enlarged views of the conserved P>*%V(/)*4°F®44 motif

(), D>*R>30Y351 motif (F), ECL2 (G), and N74°P7%xx(x)Y”>* motif (H).

para-methoxy-2-pyridine with a hydrogen atom, as another
non-peptide antagonist PD168368, caused a 17-fold reduction
for GRPR binding (16). In addition to the interactions with TMs
of GRPR, PD176252 used its indole ring to form a hydrogen
bond with S1795¢12, pulling the ECL2 inward and stabilizing the
ligand-binding (Fig. 2 A and B). Besides, the para-nitrophenyl
and the indole moieties at the extracellular side formed extensive
hydrog)hobic interactions with P117%%, C196"“"?, P198"“'2,
Y1995 P2005°"%, P207°%°, and H210**® of GRPR (Fig. 2 A

PNAS 2023 Vol.120 No.6 e2216230120

and B). Both the para-methoxy-2-pyridine and cyclohexyl groups
bound deeply into the bottom of the pocket by hydrophobic con-
tacts with Q120°%, L121%%, F178*%, N280*"!, H281%%, and
Y284%% (Fig. 2 A and B).

Cryo-EM Structure Determination of GRPR-G, Signaling
Complex. Human GRPR, Ga,, Gf;, and Gy, were used to
assemble the complexes with two peptide agonists. To improve
the stability and homogeneity, the NanoBiT tethering strategy

https://doi.org/10.1073/pnas.2216230120 3 of 12
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Fig. 2. Non-peptide antagonist binding to GRPR. (A) Detailed interactions of PD176252 with GRPR. The receptor backbone was shown in blue ribbons and the
GRPR residues involved in interactions were displayed as blue sticks. PD176252 was displayed in orange sticks, with oxygen atoms in red and nitrogen atoms in
blue. The hydrogen bonds were indicated as green dash lines. (B) Alternative 2D diagrams showing direct interactions between GRPR and PD176252. The GRPR
residues responsible for important interactions are shown in red background. The hydrogen bonds were indicated as green dash lines. (C-£) Comparisons of
the ligand-binding pockets in surface among GRPR (in blue, PD17625 in orange) (C), AT;R (in green, ZD7155 in pink, PDB ID: 4YAY) (D), and ETgR (in goldenrod,

K-8794 in cyan, PDB ID: 5X93) ().

was applied in which the C terminus of GRPR was fused to
the large part of NanoBiT (LgBiT), and the C terminus of Gf,
was fused to the renovated 13-amino acid peptide of NanoBiT
(HiBiT) (SI Appendix, Fig. S2A) (59). In addition, the maltose-
binding protein (MBP) tag was fused at the N terminus of GRPR
with the mutation 1157**’A to increase the protein expression
and thermostability (S Appendix, Fig. S24) (55). The GRPR
construct used for cryo-EM structure determination showed
similar signaling property to the wild-type (WT) GRPR measured
in the GRP-induced calcium mobilization assays (SI Appendix,
Table S3). The chimera Go, was generated by replacing the
N-terminal 35-residue with the N-terminal 29-residue of G, to
facilitate the binding of a single-chain variable fragment scFv16,
and introducing two dominant-negative mutations R183Q and
Q209L, thereby further stabilizing the GRPR-Ga, complex for
structural studies (60, 61). Compared to the WT-G,, the R183Q
mutation attenuated the ability of the engineered G to activate
the downstream calcium signaling by disrupting the hydrogen
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bonds between R183 and GDP molecule (S Appendix, Table
S3) (61). The structures of GRPR-G, heterotrimers complexes
with GRP and [D-Phe’, ﬁ—Alall, Phe®, Nle'¥] Bn (6-14)
were determined using the single-particle cryo-EM both at a
global nominal resolution of 3.0 A. The cryo-EM maps allowed
modeling the majority of the receptor residues, ligands, and
G-proteins (Fig. 3 and ST Appendix, Fig. S3 and Table S5). The
overall structures of GRP and [D-Phe’, B—Ala”, Phe'?, Nle14]
Bn (6-14)-bound GRPR were identical with Cox RMSD values
of 0.04 A for the whole complex, 0.15 A for GRPR, 0.03 A
for Ga, 0.04 A for GP ,and 0.14 A for Gy, (Fig. 3 A and B).
[D—Phe%, B—Ala”, Phe'®, Nle'¥] Bn (6—14) shared a conserved
C-terminal segment largely overlapped with the C-terminal
nine residues of GRP, both of which were well resolved in the
current structures (Fig. 3 and 87 A%Dendix, Fig. S4). However,
the N-terminal 16-residue from M1 to Y15 of GRP could not
be clearly modeled due to the poor density (Fig. 34), which was
consistent with the previous results that the N terminus of GRP

pnas.org
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Fig. 3. Cryo-EM structure determination of GRPR-G, signaling complex. (A and B) Orthogonal views of the maps (Left) and models (Right) for the GRP (pale
violet red) or [D-Phe®, p-Ala'", Phe'®, Nle'¥] Bn (6-14) (dark grey) bound GRPR-G,, complexes, with GRPR was colored in forest green and medium slate blue,
respectlvely Gag, GB, Gy and ScFv16 were colored in orange, orange red, yellow, and cyan, respectively. (C) Binding poses and sequence alignment of GRP and
[D-Phe®, p-Ala'", Phe’? Nle'] Bn (6-14). The density maps of ligands were highlighted.

was not essential for its high afﬁmtz binding to GRPR (62-64).

As GRP and [D-Phe®, B- Ala'", Phe'®, Nle!*] Bn (6-14) resembled
in their chemical scaffolds, they 1nduced similar conformational
changes of GRPR (Fig. 3). Thus, the structural analysis was
mainly focused on the GRP-bound GRPR-G, complex structure,
unless otherwise specified (Fig. 3C).

GRPR shares the sequence identity of 24% and 27% to the
neurokinin-1 receptor (NK;R) and cholecystokinin A receptor
(CCK,R), respectively, whose structures were also solved in
complex with G, proteins, all belonging to the neuropeptide
GPCRs. Compared to the Gg-coupled NK R and CCK|R,
GRPR adopted a similar overall conformation, with Ca RMSD
of 1.08 A and 1.16 A, respectively (ST Appendix, Fig. S5).
However, an extra kink was found in the last cytoplasmic a-helix
of TMG in the G-coupled GRPR (S7 Appendix, Fig. S5). At the
intracellular 51de, TMG6 of GRPR displayed 2.6 A outward

PNAS 2023 Vol.120 No.6 e2216230120

movement in comparison with NK;R and CCK,R (measured
at the Cot of the residue at position 6.25) (S]A]J])endzx, Fig. S5).
At the extracellular side, ECL2 of GRPR showed 6.3 A closer
to the ligand-binding pocket co })ared to CCK,R (measured
at the Ca of the residues T189“"* in GRPR and N188ECL2
the CCK,R) (87 Appendix, Fig. S5). Besides, there was a 7.8 A
inward shift of TM7 in comparison with NK,R and CCK,R
(measured at the Cot of the residue at position 7.29) (S Appendix,
Fig. S5).

Peptide Agonists Binding to GRPR. GRP and [D-Phe®, f-Ala'’,

Phe'®, Nle!*] Bn (6-14) occupied the same orthosteric ligand-
bmdmg pocket of GRPR, with their C-termini inserting deeply
into the helical bundle involving all ECLs and TMs except TM1
and TMS5, and the N-termini pointing outward the ligand binding
cavity (Fig. 4 A and B). The GRP could be divided into three

https://doi.org/10.1073/pnas.2216230120 5 of 12
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E186ECL2

Fig. 4. Peptide agonists binding to GRPR. (4) Cross-section of the peptide-binding pocket of GRPR was shown as forest green surface, with GRP as pink ribbons
and side chains of W21, vV23°, and M27€ displayed as pink sticks. (B and C) Structural alignment of GRP (green) and [D-Phe®, p-Ala'", Phe'®, Nle'] Bn (6-14)
(gray), with enlarged views of detailed interactions at N19¢ and F15.(D) The TM bottom pocket. (£) The hydrophobic cavities around the helical fragment of GRP.

(F) The extracellular loops.

regions binding to the bottom pocket, the hydrophobic cavities,
and extending to the extracellular side (Fig. 4).

At the bottom pocket, the C terminus of GRP, H25°, 1265,
and M27° penetrated into the bottom of pocket, stabilized by
extensive hydrogen bonds and hydrophobic interactions (Fig. 4D).
The M27~ maintained the bottom location of GRP through
hydrogen bonds with C93**” and Q120>*° which was supported
by the calcium mobilization assays that alanine mutations in the
residues C93*”” and Q120°*° decreased the GRP-induced GRPR
activation with the ECs values of 12-fold and 25-fold higher than
the WI-GRPR (87 Appendix, Fig. S6 and Table S2). Moreover,
the main chain carbon moiety of L26” of GRP was hydro-
gen-bonded with the side chains of both N280°** and R308*’
(Fig. 4D). Mutating R308”%? to alanine produced significant
decrease by 66-fold in GRPR activity, while mutating N280**°
diminished the activities by only sixfold (S Appendix, Fig. S6
and Table S2). The TM bottom binding moiety of GRP was fur-
ther stabilized by a hydrogen bond between H25% and
E175*®(Fig. 4D). Mutation of E175*% resulted in the G, sign-
aling decreasing by 14-fold (SI Appendix, Fig. S6 and Table S2).
Additionally, 126° formed multiple hydrophobic interactions
with H281%" and Y284%%, while M27% hydrophobically con-
tacted with W277%4% (Fig. 4D). Substitutions of H281%%,
Y284%%, and W277%*® with alanine displayed diminished recep-
tor activation compared with WT-GRPR (87 Appendix, Fig. S6
and Table S2).

In the hydrophobic cavities, the helical fragment from w21¢
to V23 of GRP formed extensive hydrophobic interactions of
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V23 with F184°“" and F193"°"%, and W21 with Y101*%,
H3007", F3017%%, and T296"“" (Fig. 4E). Indeed, mutations
on these residues resulted in decrease in G, signaling (S Appendix,
Fig. S6 and Table S2). In addition to the hydrophobic interactions,
the backbone carbonyl group of W21 formed a hydrogen bond
with the side chain of R287°® to further stabilize the helical
conformation (Fig. 4E). R287°%8A mutation significantly dimin-
ished the activities by 51-fold (§/ Appendix, Fig. S6 and Table S2).

At the extracellular side, two hydrogen bonds existed between
N19% and E186"“", as well as R17% and D104ECL1(Fig. 40).
Different from GRP the synthetic peptide agonist [D-Phe®,
B-Ala'!, Phe®?, Nle'¥] Bn (6-14) formed a n-n interaction with
F193"“"* through the N-terminal F1® (Fig. 4C). Mutating
E186"“" decreased the GRPR activation by 10-fold on the GRP
induced calcium mobilization (SI Appendix, Fig. S6 and Table
S2). On the contrary, mutating E186"“? increased the GRPR
activation by twofold on the [D-Phe®, ﬁ—Ala”, Phe'?, Nle!*] Bn
(6-14) induced calcium mobilization (S/ Appendix, Table S4).
Taken together, the ECL2 might play a critical role for different
peptide agonists recognition.

G, Binding to GRPR. The G -coupling modes were almost
identical between the two peptide agonists (Fig. 3 A and B). The
engagements of G, to GRPR were mainly mediated by the aH5
helix through key interactions with TMs3/6/7. The C terminus
of aH5 was stabilized by the hydrogen bond between Y356
and D137 (Fig. 54). Additionally, the side chains of D346

and Q350" engaged in polar interactions with the main chain
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Fig. 5. Gq binding to GRPR. (A) Detailed key interactions between GRPR (green) and G, (orange), with the hydrogen bonds shown as blue dashed lines. (B)
An extra patch of interactions in the TM5-ICL3-TM6 region. (C) Structural comparisons on the G proteins shifts among GRPR-G, (forest green/orange), H,R-G,
(medium purple/light coral, PDB ID: 7DFL), M;R-G; (light salmon/light pink, PDB ID: 60JI), NK;R-G, (medium aquamarine/cornflower blue, PDB ID: 7RMG), GHR-G,
(medium turquoise/olive drab, PDB ID: 7F9Y), BK; R-G, (yellow green/dark grey, PDB ID: 7EIB), BK;R-G, (royal blue/chocolate, PDB ID: 7F6H), 5HT,AR-Gq (goldenrod/
medium sea green, PDB ID: 6WHA), CCK;R-G (dark khaki/cadet blue, PDB ID: 7EZM), and MRGRPX,R-G, complex structures (dark gray/dark khaki, PDB ID: 7S8P).

carbonzrl of R259%% (Fig. 5A). Furthermore, the residues 142>
1262%%, 132275, and 1325"*° formed hydrophobic contacts
with L3532, L358"°%, and V359" (Fig. 54). Besides, the
ICL2/aN interaction was also observed in the binding interface
(Fig. 5A4). The side chains of M146'“"2, Q149ICL2, and S151'“"?
were hydrogen-bonded with the side chains of S1 98501 E34HN'50,
and R37 of aN-f1 junction, respectively (Fig. 5A4).

The overall structures of the GRPR-G, complexes displayed the
prototypical GPCR-G protein interface (Fig. 5) (60, 65-73).
However, an extra patch of interactions with G was found in the
TM5-ICL3-TM6  region, where the hydrophobic residue
1323752 intruded into a hydrophobic pocket formed by
1244°7%, V246", and H251%% of GRPR (Fig. 5B). Besides,
H251%* was in close contacts with the hydrophobic residues
V3141416 and L3102, Specially, unlike the only hydrophobic
patch found in other GRPR-G,;; complexes (71), the side chain
of Q255°% of GRPR formed a unique hydrogen bond with the
side chain of D321145¢:12 oqu (Fig. 5B). Thus, these interactions
might induce the large displacement of aH5 through Y325 and
F339 159 of G, in the GRPR-G, complex, eventually leading to
the dramatic shift of the entire G heterotrimers by 21 A of aN
and 8 A of aH5 in GRPR-G, compared to MRGRPX,R-G,
(Fig. 5 Band C). In addition, these contacts also contributed to
the conformational changes of the cytoplasmic segment of TM6,
followed by the activation of GRPR (Fig. 5 and S/ Appendix, Fig.
S5). Therefore, our findings indicated that the TM5-ICL3-TM6
junction of GRPR also contributed to the G, protein coupling.

Activation Mechanisms of GRPR. Structural superpositions

between our inactive and active states GRPR structures showed
remarkable conformational rearrangements in both TMs and ECL2

PNAS 2023 Vol.120 No.6 e2216230120

(Fig. 6 A-C). The peptide agonists occupied the orthosteric ligand-
binding pocket with their N-termini interacting with TM2, TM7,
and ECLs (Fig. 6A). The residues C93*7 and Y101*®* in TM2, and
H300"%", F3017%, and R308”* in TM7 were all involved in the
peptide agonist-binding but not the non-peptide antagonist-binding
(Fig. 4). From the extracellular view, the ECL2 B-hairpin with a lid-
like architecture moved toward the orthosteric pocket by 7.7 A upon
activation (Fig. 6A4). Besides, the TM1, TM2, and TM7 of the active
GRPR moved inward by 9.7, 3.9, and 1.2 A, respectively, compared
to the inactive structure (Fig. 6B).

Different from the antagonist, the C-terminal M27° of agonists
bound deeply into the pocket surrounded by TM3 and TMG,
forming hydrophobic contacts with the indole ring of W277%**
(Fig. 6 D and E). In class A GPCRs, the conserved WO was
suggested to be a rotamer toggle switch to control the GPCRs
transitioning between active and inactive states (74). Agonist-
binding induced a large displacement of the side chain of \W2776'48,
acting as a pivot for the outward movement and rotation of TM6,
which initiated the cascade of the conformational changes for
receptor activation (Fig. 6). Additionally, the displacement of
W277%% also led to the swing of F273%%* of the conserved
POVIORSH otif for GRPR activation, followed by the
D**R*Y*! motif undergoing active-like conformational
changes (Fig. 6 Fand G). Besides, the C-terminal M27° formed
a hydrogen bond with R308”%, which further triggered the active
state of the conserved N”“P7*’xx(x)Y"** motif for GRPR acti-
vation (Fig. 6 Hand /). Thus, the P> o0VAAOReA o d N7P7 0k (x)
Y’** motifs connected the ligand-binding pocket and G pro-
tein—cougliné interface throu4gh the translocation of F** in the
P>o0VAORSA b otif and YO in N7P7%xx(x) Y4 motif. Due

to the rearrangements of these microswitches, TM5 and TM6 in
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Fig. 6. Activation mechanisms of GRPR. (A-C) Structural superposition of the active (green) and inactive (blue) GRPR structures from side view (A), extracellular
view (B), and intracellular view (C), with red arrows indicating the TM shifts upon receptor activation. (D) Conformational differences between the active (green)
and inactive (blue) GRPR structures at the ligand-binding sites, with enlarged views of F273%** and W277%%® (E), P>*0v340F%44 motif (F), D**°R>*°Y**" motif (G),

N749P70xx(x)Y”>* motif (H), and R3087-% (/).

the active-state GRPR showed significant outward movements of
3.1 A and 13.0 A for the C-terminal helix of Ga, to engage the
receptor core from the intracellular side (Fig. 6C), which was con-
served for GPCR activation (75). Therefore, these findings sug-
gested that the GRP adopts the “message-address” frame like other
neuropeptides (76). The extracellular GRP interactions with the
ECLs acted as the “address” part for the peptide recognition, while
the C terminus of GRP interacting with the bottom pocket played
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the essential roles as the “message” part for GRPR signaling by
activating the conserved motifs.
Discussion

GRPR is one of the most commonly overexpressed receptors in
prostate (5, 6), breast (7) and lung cancer (8). And GRPR medi-
ates the transmission of non-histaminergic itch in the dorsal horn
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of the spinal cord (25). Agonists and antagonists with high affinity
and selectivity with GRPR have great potentials for treatments of
GRPR-related cancers and itch. In the current research, we deter-
mined the inactive state crystal structure of human GRPR in
complex with the first non-peptide antagonist PD176252,
together with two active state cryo-EM structures of GRPR-G
complexes bound to the endogenous peptide agonist GRP and a
synthetic BBN analogue [D-Phe®, [B—Ala“, Phe'?, Nle'] Bn (6—
14). These structures revealed the ligand-binding pocket, where
the non-peptide antagonist occupied the bottom of pocket, and
the para-nitrophenyl of PD176252 extended to the extracellular
region of GRPR. GRP and [D-Phe’, p-Ala'", Phe'?, Nle''] Bn
(6-14) occupied the same orthosteric binding pocket, with the N
terminus pointing outward and the C terminus binding deeply
into the helical bundle core. Especially, the ECL2 of GRPR played
critical roles as the lid-like architecture for different peptide agonist
recognition. In combination with the site-directed mutagenesis,
the key residues for different ligand binding were determined.
Consistent with previous SAR studies (16, 77), the methoxyl of
the _pam—methoxg—Z-pyridine of PD176252 formed a hydrogen
bond with R308"*’ of GRPR and showed prominent effects on
the high affinity and selectivity of non-peptide antagonist.

Structural comparisons also revealed the molecular mechanisms
for GRPR activation. The peptide agonist binding‘ induced the
outward movements of the side-chain of W277%* and conse-
quently initiated the outward movement and rotation of TMG6.
Meanwhile, the displacement of W277°% led to the swing of
F273%* in the conserved P*°°V(I)>“°F*4 motif, followed by the
rearrangements of the D*#R*%*! and NP7 'xx(x) Y
motifs, and then opened the intracellular cleft for the insertion of
oH5 of Gq. Therefore, the GRPR activation was initiated by the
extracellular interactions of GRP and [D-Phe®, p-Ala'’, Phe'?,
Nle'“] Bn (6-14), as the “address” part, for the peptide agonist
recognition, while the C-terminal peptides binding the bottom
of pocket, as the “message” part, induced the activation of con-
served motifs and TMs for GRPR signaling to G, proteins.

Furthermore, the GRPR-G, displayed a special GPCR-G proteins
interface, where G, formed substantial interactions with TM3/6/7
and ICLs2/3 of GRPR. Specially, the TM5-ICL3-TM6 junction
was found to interact with aH5 and the Ras domain of the G,
eventually leading to the remarkable shift of the entire G
heterotrimers.

Therefore, these novel findings from our determined GRPR
structures with different ligands and G heterotrimers revealed
comprehensive molecular details in the ligand-binding pocket,
activation motifs, and G, coupling interface, which are expected
to help better understand the GRPR structure—function relation-
ships and guide the structure-based design of novel GRPR agonists
and antagonists with better affinity and selectivity for the treat-
ments of GRPR-involved cancers and pruritus.

q

Materials and Methods

Generation of GRPR Constructs for Crystallography and Cryo-EM. A DNA
fragment encoding the human gastrin-releasing peptide receptor amino acid
sequence (Uniprot ID: P30550) was codon-optimized for the insect cell expres-
sion (Synbio Tech) and cloned into a modified pFastBac1 baculovirus expression
vector. For crystallization construct, it contained a hemagglutinin signal sequence,
a Flag-tag and 10X His-tag followed by a TEV protease cleavage site at the N
terminus. To assist crystal formation in lipidic cubic phase (LCP), the N terminus
residues M1-523 and the C terminus residues T356-V384 were truncated. And
the 196-amino acids from residues G218 to 5413 of PGS (PDB:2BFW) (49) were
inserted into the ICL3 between A241 and K254 of GRPR by overlap PCR. $127*%°K
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and 1157**A could lead to higher stability and yields for many GPCRs (55, 78).
According to GPCRdb (79), R259°*°F could increase the melting temperature
(Tm) of the GRPR bound to PD176252.

Forthe cryo-EM study, the WThuman GRPR truncated with N-terminal residues
1t023and C-terminal residues 342 to 384 to increase the expression levels, and
fused with an N-terminal MBP and a C-terminal LgBiT, were cloned into pFastBac1.
Before MBP, there were haemagglutinin(HA) and FLAG tags followed by a 10X
His-tag, as well as a tobacco etch virus (TEV) cleavage site. A 15-residue linker
of GSSGGGGSGGGGSSG was inserted between the GRPR and LgBiT. One muta-
tion 1157***A was introduced to increase the thermostability and homogeneity
of the GRPR (55). The engineered human Ga, was generated by replacing the
N-terminal 35 residues with the N-terminal 29 amino acids of Go, and introduced
two mutations R183Q and Q209L to stabilize the GRPR-G, complex(59,61).The
human Gp, with a N-terminal 10X His-tag was followed by the C-terminal HiBiT
connected with a 15-residue linker (GSSGGGGSGGGGSSG). The GB,y, subunits
and Gor, RicBA(resistance to inhibitors of cholinesterase 8A) were integrated into
the pFastBac-Dual vector (Invitrogen), respectively. The scFv16 gene was cloned
into a modified expression vector pFastBac1 with a N-terminal GP67 signaling
peptide and a C-terminal 10X His-tag.

Expression for GRPR-PD176252 and GRPR-G, Complexes. The high-titer
recombinant baculovirus (>107 viral particle per mL) was generated by the Bac-
to-Bac Baculovirus Expression System (Invitrogen). After the recombinant bacmid
transfected for 96 h at 27 °C, PO viral stock was harvested by centrifugation and
used the supernatant to produce high-titer P1 baculovirus stock by infection of
40 mLof 2.1x10° Spodoptera frugiperda (Sf9) cells/mLand incubation for 48 h.
GRPR was expressed in 1 Lvolume of biomass for crystallization according to infect
59 cells at a density of 2 to 3 cells/mLwith P1 baculovirus stock at a multiplicity of
infection of 5.48 h after infection at 27 °C, cells were collected by centrifugation
and stored at —80 °C until further use. For the GRPR-G, complexes, the GRPR,
GoRic-8A, GByy,, and scFv16 were co-expressed in Sf9 cells at density of 2.5 X
10° cells/mLin the ratio of 4:4:4:1. After infected by 48 h at 27 °C, the cells were
harvested by centrifugation and stored at —80 °C until further use.

Purification of GRPR-PD176252 and GRPR-G, Complexes. For the
GRPR-PD176252, insect cells were thawed on ice and washed firstly in hypo-
tonic buffer containing 10 mM HEPES, pH7.5, 10 mM MgCl,, 20 mM KCI, and
1x homemade protease inhibitors cocktail. Soluble and membrane proteins were
isolated by repeated dounce homogenization and ultracentrifugation at4 °Cand
58,000 g for 30 min in hypotonic buffer (twice) and hypertonic buffer (three
times) containing 10 mM HEPES, pH7.5, 10 mM MgCl,, 20 mM KCl, 1,000 mM
NaCl, and 1X homemade protease inhibitors cocktail. The washed membranes
were resuspended in the presence of 2 mg/mL iodoacetamide (Sigma) and 1x
cocktail at4 °Cfor 30 min. Subsequently, GRPR was extracted from the membrane
slowly and entirely for 3 h at 4 °C in solubilization buffer consisting of 50 mM
HEPES, pH7.5, 500 mM NaCl, 10% (v/v) glycerol, 0.5% (w/v) n-dodecyl-p-Dmalto-
side (DDM, Antrance), 0.1% (w/v) cholesterol hemisuccinate (CHS, Sigma),and 10
mM imidazole. The solubilized proteins were separated by high-speed centrifuga-
tionin 58,000 g for 1 hat4 °Cand incubated with the TALON IMAC resin (Takara)
at 4 °C overnight. The receptor-bound resin was washed on a gravity column
(Bio-Rad) with 10 column volumes (CV) of wash buffer | (50 mM HEPES, pH7.5,
500 mM NaCl, 5% (v/v) glycerol, 0.1/0.02% (w/v) DDM/CHS, 20 mM imidazole,
10 mM MgCl,, and 8 mM ATP (Sigma) followed the detergent exchanged to
Lauryl-maltose neopentyl glycol (LMNG, Antrance) by 10 CV of wash buffer Il (50
mM HEPES, pH7.5, 500 mM NaCl, 5% (v/v) glycerol, 0.1/0.01% (w/v) LMNG/CHS,
20 mMimidazole, 10 mM MgCl,, and 8 mM ATP). Wash buffer 11l (20 mM HEPES,
pH7.5, 500 mM NaCl, 5% (v/v) glycerol, 0.05/0.005% (w/v) LMNG/CHS, and 25
mM imidazole) was used to further improve the purity. The protein was eluted
with 5 CV of elution buffer (10 mM HEPES, pH7.5, 100 mM NaCl, 5% (v/v) glycerol,
0.02/0.002% (w/v) LMNG/CHS, and 300 mM imidazole). Then the sample was
concentrated using a 100 kDa molecular weight cutoff (MWCO) concentrator
(Sartorius) and applied to a PD MiniTrap G-25 desalting column (GE Healthcare)
equilibrated with buffer containing 10 mM HEPES, pH7.5, 100 mM NaCl, 5% (v/v)
glycerol, and 0.002/0.0002% (w/v) LMNG/CHS to remove imidazole, MgCl,, and
ATP, followed by incubating with 200 uM PD176252 for 1 h at 4 °C.The purified
GRPR-PD176252 proteins were concentrated to ~30 mg/mL with a 100 kDa
MWCO concentrator for the crystallization. Protein purity and monodispersity
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were assessed by SDS-PAGE and analytical size-exclusion chromatography via a
Sepax Nanofilm SEC-300 column (S/ Appendix, Fig. S1B).

For the GRPR-G, complex, cells were lysed by dounce homogenization in
20 mM HEPES, pH7.5, 50 mM NaCl, 10 mM MgCl,. The lysate was incubated
at room temperature for 3 h supplemented with 5 mM B-ME (Sigma-Aldrich),
100 mU/mLapyrase, and 1 pM ligands (GRP or [D-Phe®, p-Ala'", Phe™, Nle™]
Bn (6-14), GenScript). The supernatant was then centrifuged at 30,000 g for
30 min to collect the membranes. The washed membranes were resuspended
in 20 mM HEPES, pH7.5, 50 mM NaCl, 10 mM MgCl,, T uM ligands [GRP
or [D-Phe6, B-Ala11, Phe13, Nle14] Bn (6-14)], 100 mU/mL apyrase (Sigma-
Aldrich), 5 mM B-ME, and protease inhibitors, and incubated at 4 °C for 1 h.
Afterincubation, 0.5% (w/v) LMNG with 0.1% CHS were used for solubilization
at4°Cfor 3.5 h. Insoluble materials were removed by centrifugation at 58,000
g for 1 h and the solubilized complex was incubated at 4 °C overnight with
TALON IMAC resin (Takara) containing 20 mM imidazole. The resin was collected
by centrifugation at 800 g for 5 min, loaded onto a gravity flow column, and
washed with 20 CV of wash buffer I containing 20 mM HEPES, pH7.5, 100 mM
NaCl, 10 mM MgCl,, 10 mM imidazole, 1 uM ligands [GRP or (D-Phe®, ﬁ-AIa”,
Phe', Ne"*) Bn (6-14)], 0.1% (w/v) LMNG, 0.02% (w/v) CHS, and 20 CV of wash
buffer Il containing 20 mM HEPES, pH7.5, 100 mM NaCl, 10 mM MgClg, 5mM
CaCl,, 30 mM imidazole, 1 uM ligands [GRP or (D-Phe®, p-Ala'", Phe™”, Nle™*)
Bn (6-14)], 0.01% LMNG (w/v),0.01% (w/v) glyco-diosgenin (GDN, Anatrace)
and 0.02% (w/v) CHS. The protein was then eluted with 5 CV of elution buffer
containing 20 mM HEPES, pH7.5, 100 mM NaCl, 300 mM imidazole, 2 mM
MgCl,, 0.01% LMNG, 0.01% GDN, 0.02% CHS, and 10 pM ligands [GRP or
(D-Phe®, p-Ala"", Phe™, Nle'*) Bn (6-14)]. The protein was incubated at 4 °C for
2 hsupplemented with 5 mM p-ME, 100 mU/mL apyrase, and then incubated
with amylose resin for 4 h at 4 °C. The amylose column was washed with a
buffer of 20 mM HEPES, pH 7.5, 100 mM NaCl, 10 pM ligands [GRP or (D-Phe®,
B-Ala'", Phe™, Nle™) Bn (6-14)], and 0.01% GDN, and then eluted with the
same buffer with additional 10 mM maltose. The elution was concentrated and
loaded onto a Superdex 200 10/300 GL column (GE Healthcare) with running
buffer containing 20 mM HEPES, pH7.5, 50 mM NaCl, 2 mM MgCl,, 0.3 uM
ligands [GRP or (D-Phe®, p-Ala"", Phe™, Nle™) Bn (6-14)], and 0.006% (w/v)
GDN. The fractions of monomeric protein complexes were collected and con-
centrated to 5 mg/mL for the cryo-EM studies.

Crystallization in LCP for GRPR-PD176252. For the crystallization, the
GRPR-PD176252 was reconstituted into the LCP by mixing 40% protein with
60% molten lipid containing 90% monoolein and 10% (v/v) cholesterol using a
mechanical syringe mixer (80). Crystallization trials were carried out on 96-well
glass sandwich plates using an automated crystallization robot (Gryphon) by over-
laying 40 nL of mesophase with 800 nL precipitant solution following by sealed
with cover glasses as soon as possible. Crystals of GRPR-PD176252 appeared in
48 h and grew to a maximum size of 40 pm within 1to 2 wk at 20 °Cin a series
of conditions (S Appendix, Fig. S1D). The diffraction quality crystals were obtained
in 100 mM MES, pH6.8, 250 to 350 mM ammonium phosphate monobasic, 25
to 30% (v/v) polyethylene glycol 400 (PEG400), and 3 to 7% Polypropylene glycol
P 400. Crystals were harvested from LCP using 50 pm micromounts (MiTeGen)
and flash-frozen in liquid nitrogen.

Data Collection and Crystal Structure Determination of GRPR-PD176252.
X-ray diffraction data of GRPR-PD176252 crystals were collected at the beam line
BL18U1 of the Shanghai Synchrotron Radiation Facility (SSRF) at a wavelength of
1.0332 A using Pilatus3 6M detector. Crystals were exposed with a 20 um X 20
pm beam for 1 s to an unattenuated beam and 1° oscillation per frame, and 60
frames per crystal. XDS (81, 82) was applied to indexing, integrating, scaling, and
merging data from four crystals of GRPR-PD176252. Initial phase information
was acquired using molecular replacement with Phaser (83, 84) using a model of
ET; receptor (PDB ID: 5X93)(85) and PGS (PDB ID: 2BWF)(86) as search models.
All refinement was carried out using ccp4 suite (87) followed by manual exami-
nation and regulation of the refined structures in COOT (88) with both 2|Fo|-|F¢|
and |Fo-|Fc| maps. The final model of the structure contained 288 residues of
GRPR (residue G38-A241 and K254-1337) and 196 residues of PGS (residues
(G1218-51413). The statistics of data collection and structure refinement were
shown in S/ Appendix, Table S1. Coordinates and structure factors have been
submitted in the PDB under accession code 7W41.
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Grid Preparation and Cryo-EM Data Collection for GRPR-G, Complexes.
For the cryo-EM grids preparation, 3 HL of purified GRP-bound GRPR complex
at4 mg/mLand [D-Phe®, [S-Ala”, Phe'3, Nle']Bn (6-14)-bound GRPR complex
at 6 mg/mL were loaded individually onto a glow-discharged holey carbon
grid (Quantifoil, Cu300 R1.2/1.3) and vitrified using a Vitrobot Mark IV (FEI) at
4°Cand 100% humidity with blot time of 10 s and blot force of 19 s followed
by being flash-frozen in liquid ethane. Cryo-EM imaging was performed on
aTitan Krios at 300 kV accelerating voltage in the Center of cryo-EM (CCEM),
Zhejiang University. Micrographs were recorded using a Gatan K2 Summit
direct electron detector in counting mode with a nominal magnification of
X29,000. The resulting image stacks have a pixel size of 1.014 A'in count-
ing mode for GRPR-GRP complex and 0.507 A in super resolution mode for
GRPR-[D-Phe®, p-Ala"", Phe™, Nle'] Bn (6-14) complex. Movies were obtained
using serial-EM at a dose rate of about 64 electrons per A? per second with a
defocus ranging from —1.10 to —1.30 pm for GRPR-GRP complex and —1.10
to —1.25 pm for GRPR- [D-Phe®, p-Ala"!, Phe™?, Nle*] Bn (6-14) complex. The
total exposure time was 8 s and intermediate frames were recorded in 0.2 s
intervals, resulting in an accumulated dose of 62 electrons per A% and a total
of 40 frames per micrograph. Atotal of 2,784 and 1,912 movies were collected
for the GRP-bound and [D-Phe®, p-Ala'", Phe™, Nle'] Bn (6-14)-bound GRPR
complexes, respectively.

Cryo-EM Data Processing and Cryo-EM Structure Determination of GRPR-
G, Complexes. Dose-fractionated image stacks for GRPR-GRP and GRPR-[D-
Phe®, ﬁ-AIa”, Phe'™, Nle™] Bn (6-14) were subjected to the beam-induced
motion correction using Motion-Cor2.1 (89). Contrast transfer function (CTF)
parameters were estimated by Ctffind4 (90). Data processing was performed
using RELION-3.0 (91). For particle selection, 2D and 3D classifications were
performed on a binned dataset with a pixel size of 3.042 A. For the GRP-bound
GRPR-G, complex, about 1,859,252 particles were auto-picked and subjected
to 50 rounds of reference-free 2D classifications, producing 1,035,568 particle
projections for further processing. For the [D-Phe’, p-Ala'’, Phe™, Nle'] Bn
(6-14)-bound GRPR-G, complex, particle selection yielded 1,380,329 particle
projections that were subjected to 50 rounds of reference-free 2D classifica-
tions, producing 1,119,475 particle projections for further processing. Particles
selected from 2D classification were subjected to 142 rounds of 3D classifica-
tions, resulting in two well-defined subsets with 577,397 particles for GRPR-GRP
complex and 384,207 particles for GRPR- [D-Phe®, p-Ala'", Phe"?, Nle'*] Bn
(6-14) complex. Further 3D refinement, CTF refinement and Bayesian polishing
processing generated density maps with an indicated global resolution of 3.0
A at a Fourier shell correlation of 0.143.

Model Building and Refinement. The GRPR structure prediction with Alpha-
Fold2 (92) was used as an initial model for model rebuilding and refinement
against the electron microscopy maps of GRPR-G, complexes. The coordinate of
BK,-G, (PDB ID: 7F6G) was used to generate the initial models for Gor,. Models
were éocked into the EM density map using UCSF Chimera X (93), foﬂowed by
iterative manual adjustment and rebuilding in COOT (94). The generated final
model was refined in Phenix (95). The statistics for data collection and refinement
were provided in S/Appendix, Table S5. Structural figures were prepared in UCSF
Chimera X(93).

Calcium Mobilization Assay. The WT GRPR gene was subcloned into the
pcDNA3.7 vector with an N-terminal HAand FLAG tag. Mutations were introduced
by QuickChange PCR. All of the constructs were verified by DNA sequencing.
Chinese hamster ovary(CHO) cells transfected with WT or mutant GRPRs were
seeded into 96-well black plates at a density of 30,000 cells per well and incu-
bated for 24 h. On next day, cells were loaded with reagents from Calcium-5
Assay Kit (Molecular Devices) for 45 min at 37 °C in 5% CO, according to the
manufacturer's protocol. Cells were treated with varied concentrations of ligands
and detected with Flexstation three Multi-Mode Microplate Reader (Molecular
Devices) with excitation at 485 nm and emission at 525 nm. Data were presented
as mean = SEM of three independent experiments. ECg, and £,,,,, values for each
curve were calculated by Prism 5.0 software.

max

Data, Materials, and Software Availability. Cryo-EM maps have been depos-
ited in the Electron Microscopy Data Bank under accession codes: EMD-32297
(GRPR-G,-GRP) and EMD-32298 [GRPR-G,{D-Phe’, p-Ala"", Phe', Nie') Bn
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(6-14)]1(96-97).The atomic coordinates have been deposited in the Protein Data
Bank under accession codes: 7W3Z (GRPR-G,-GRP), 7W40 [GRPR-Gq-(D-Phe",
p-Ala'", Phe™ Nle') Bn (6-14)], and 7W41 (GRPR-PD176252) (98-100).
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