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Drugs targeting the ghrelin receptor hold therapeutic potential in anorexia,
obesity and diabetes. However, developing effective drugs is challenging.

To tackle this common issue across a broad drug target, this study aims to
understand how anamorelin, the only approved drug targeting the ghrelin
receptor, operates compared to other synthetic drugs. Our research
elucidated the receptor’s structure with anamorelin and miniG,, unveiling
anamorelin’s superagonistic activity. We demonstrated that ligands with
distinct chemical structures uniquely bind to the receptor, resulting in
diverse conformations and biasing signal transduction. Moreover, our study
showcased the utility of structural information in effectively identifying
natural genetic variations altering drug action and causing severe functional
deficiencies, offering a basis for selecting the right medication on the basis
of the individual’s genomic sequence. Thus, by building on structural
analysis, this study enhances the foundational framework for selecting
therapeutic agents targeting the ghrelin receptor, by effectively leveraging
signaling bias and genetic variations.

Ghrelin, a peptide hormone discovered in the stomach, is the endog-
enous ligand' for the ghrelin receptor (GHSR1a), encoded by the GHSR
gene’. It regulates diverse physiological processes, including growth
hormonesecretion’, increasing food intake®, enhancing gastrointestinal
motility*, thermoregulatory effects’ and many others®. The biological
importance of ghrelinis underscored by ghrelin receptor mutations caus-
ing short stature”®, with a severe case linked to compound mutations’.

The ghrelin receptor belongs to the G-protein-coupled recep-
tor (GPCR) superfamily, comprising over 800 human genes'’. These
receptors translate extracellular stimuli, such as neurotransmitters

and hormones, into intracellular signal transduction through het-
erotrimeric G proteins consisting of G, GB and Gy subunits™. These
proteinsfallinto four subfamilies (G;, G411, Gsand Gyy5; when ais omit-
ted, itrefers to heterotrimeric G proteinsin this paper)”, each driving
distinct signaling pathways" crucial for drug efficacy. Despite GPCRs
being major drug targets—accounting for ~30% of US Food and Drug
Administration (FDA)-approved drugs"—drug effects on G-protein
selectivity remain poorly understood.

Ghrelin receptor-targeted drugs hold therapeutic potential
for eating disorders®, obesity and diabetes'®. Anamorelin, the first

'Division of Molecular Genetics, Institute of Life Science, Kurume University, Fukuoka, Japan. 2Department of Cell Biology, Graduate School of Medicine,
Kyoto University, Kyoto, Japan. *Pediatrics and Rare Diseases Group, Sanford Research, Sioux Falls, SD, USA. *Department of Chemistry, Graduate School
of Science, Chiba University, Chiba, Japan. *Membrane Protein Research Center, Chiba University, Chiba, Japan. éInstitute for Protein Research,

Osaka University, Osaka, Japan. 'Department of Pediatrics, Sanford School of Medicine, University of South Dakota, Sioux Falls, SD, USA. ®Present
address: Faculty of Applied Biology, Kyoto Institute of Technology, Kyoto, Japan. °These authors contributed equally: Yuki Shiimura, Dohyun Im,

Ryosuke Tany. °These authors jointly supervised this work: Yuki Shiimura, So Iwata, lkuo Masuho.

s.iwata@mfour.med.kyoto-u.ac.jp; Ikuo.Masuho@SanfordHealth.org

e-mail: shiimura_yuuki@kurume-u.ac.jp;

Nature Structural & Molecular Biology | Volume 32 | March 2025 | 531-542

531


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-024-01481-6
http://orcid.org/0000-0002-9752-7399
http://orcid.org/0000-0002-6939-7718
http://orcid.org/0000-0003-3555-1083
http://orcid.org/0009-0007-0113-8449
http://orcid.org/0000-0003-3913-7330
http://orcid.org/0000-0002-8879-6685
http://orcid.org/0000-0002-5748-4670
http://orcid.org/0000-0002-3153-0341
http://orcid.org/0000-0003-1735-2937
http://orcid.org/0000-0001-8754-987X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41594-024-01481-6&domain=pdf
mailto:shiimura_yuuki@kurume-u.ac.jp
mailto:
s.iwata@mfour.med.kyoto-u.ac.jp
mailto:
s.iwata@mfour.med.kyoto-u.ac.jp
mailto:Ikuo.Masuho@SanfordHealth.org

Article

https://doi.org/10.1038/s41594-024-01481-6

Anamorelin

TN

Ghrelin receptor

miniG,

Nb35 CB

N3057%°
181463

F286°°°
L2105.36
|1784.60
1103264 /
D992.60

V21 45.40
F3097% \
E124%%
F312742 R

5123%%2

Q120%%°
R1 022.63

M2135.39

521754

283°%%°

(Side view)

Anamorelin .

™!
™6 1y7

T™M5

& Y323753
46A

Gy
H258°%°

8.6 A

F312742

F3097'3\9 N3057%®

F286°%8
R2836.55
S21 75.43
\ V214540

L2105'36

L1 032.64

D992.60

R102%6%

51233'32
M2135.39

Q120%%°
E124333

1181463
117840

(Top view)

Wild

E124A | ND
R283A - ND

F286A
D99A
R102A
L103A
Q120A
S123A
S217A
N305A
F309A
F312A
1178A

L181

L210A
M213A
V214A

Cavity |

A

5123332

124333

Salt bridge

| Lig1#e3

6.55 -”78460
Cm:] -

Cavity Il

M2135 39

S21

----- Hydrogen bond
m-cation
= Salt bridge

Fig.1| The structure of anamorelin-bound ghrelin receptor. a, The overall
structure of the ghrelin receptor-miniG, protein complex with bound
anamorelin. b, Structural superposition of the anamorelin-bound ghrelin
receptor (orange; PDB 8)SR) and CPD21-bound ghrelin receptor (blue; PDB
6K05). ¢, Amino acid residues located within a 4-A radius of the anamorelin-
binding site, emphasizing key interaction points. d, A schematic representation
of the anamorelin-binding mechanism to the ghrelin receptor, detailing
interactions as analyzed using BIOVIA Discovery Studio 2016. e, The functional
impact of mutant receptors on Ca* mobilization in response to anamorelin.

Data are shown as the mean +s.e.m. from three independent experiments, each
performed in technical quadruplicate. Statistical significance was determined

by a one-way analysis of variance (ANOVA) followed by a Dunnett multiple-
comparison test, with significance indicated by asterisks (*P < 0.05, **P < 0.001
and ***P < 0.0001). Adjusted Pvalues in comparison to the wild-type receptor are
as follows: <0.0001 for E124A, R283A,F286A, D99A, R102A, L103A, Q120A, S217A,
N305A, F309A, F312A and 1178A; 0.0001 for L210A; 0.0328 for M213A; 0.5240 for
S123A;>0.9999 for L181A; 0.6920 for V214A. ND, not detected.

approved ghrelin receptor agonist, treats cancer cachexia but is
currently approved only in Japan for limited cancer types. However,
like many therapeutic agents, anamorelin’s efficacy varies among
receipients”, underscoring the need for deeper pharmacological and
molecularresearch.

This study revealed the structure of the anamorelin-bound
ghrelin receptor with miniG,, showing anamorelin as a superagonist.
We made four key findings. Firstly, the receptor’s intrinsic guanine
nucleotide exchange factor (GEF) activity drives time-dependent and
dose-dependent control of G-protein selectivity. Secondly, different
ligands induce unique receptor conformations. Thirdly, ligand-induced
structural variations in the receptor affect G-protein coupling pro-
files. Lastly, integration of structural information with genomic and
exome sequencing data from 807,162 individuals identified genetic
variations that can give rise to rare or ultrarare diseases and influ-
ence drug responses. These findings establish a solid foundation for
evidence-based treatments tailored to individuals.

Results

The overall structure of anamorelin-bound GHSR1a
Giventheimportance of anamorelin as the only approved drug target-
ing the ghrelin receptor, we were motivated to elucidate the ghrelin
receptor structure in complex with the drug. Using cryo-electron
microscopy (cryo-EM) single-particle analysis, we revealed a ternary
complexinvolving anamorelin, the ghrelin receptor and miniG, (Fig. 1a
and Table1) at aglobal resolution of 2.89 A (Extended DataFig. 1). This
structure closely resembled previously determined active ghrelin
receptor structures, bound to ghrelin (Protein Data Bank (PDB) 7F9Y),
ibutamoren (PDB 7NAS8) and growth hormone-releasing peptide 6
(GHRP6; PDB 7F9Z7), with root-mean-square deviation (r.m.s.d.) values
0f0.71,0.83 and 0.94 A, respectively.

Compared to the antagonist (compound 21 (CPD21))-bound
(PDB 6KO5) and the inverse agonist (PF-05190457)-bound (PDB 7F83)
inactive ghrelin receptor, the anamorelin-bound structure exhib-
ited notable differences, with r.m.s.d. values of 1.132 and 1.160 A,
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respectively. Upon closer examination of the disparities between
the anamorelin-bound and antagonist-bound forms, we observed an
outward shift of 8.6 A in transmembrane (TM) 6 (measured at Ca of
H258%3°) and aninward shift of 4.6 Ain TM7 (measured at Cot of Y3237%)
(Fig. 1b), indicating that the anamorelin-bound ghrelin receptor rep-
resents the fully active conformation.

Anamorelin-induced unique conformational changes in
GHSR1a

GPCR activation by agonist binding leads to G-protein activation
through allosteric processes that occur from the extracellular to the
intracellular part of GPCR. To understand the effect of anamorelin’s
effect onthis process, we analyzed the anamorelin-bound ghrelinrecep-
tor structure indetail (Extended Data Fig.2), comparingit to structures
bound to ghrelin or CPD21. We focused on key motifs involved in the
allosteric process, including salt bridges, aromatic clusters, PI(V)F,
NPxxY and D(E)RY. The positions and orientations of amino acid resi-
dues in the anamorelin-bound structure were more similar to those
in the ghrelin-bound structure than in the CPD21-bound structure,
aligning with other active ghrelinreceptor structures'®?°, However, the
anamorelin-bound structure showed unique differences in certain resi-
dues (forexample, F312”**and P224°*°) compared to the ghrelin-bound
structure (Extended DataFigs. 2 and 3¢c), suggesting structural changes
associated with anamorelin’s unique function.

Structural basis of anamorelin binding to GHSR1a
The electron density map allowed precise localization of anamore-
lin and its interacting amino acid residues (Fig. 1c and Extended Data
Fig. 3b). Anamorelin occupied an orthosteric ligand-binding pocket
made up of all seven TM helices and extracellular loops (Fig. 1a). This
pocket included a large cavity I and a smaller cavity II, separated by a
salt bridge formed between E124%** and R283% (Fig.1d). Anamorelin’s
major substituents were coordinated within cavity I, while the indole
group occupied cavity Il

Closer examination (Fig. 1d) revealed that R283%>, which has a
crucial role in forming the salt bridge, establishes a hydrogen bond
with anamorelin’s central oxygen in cavity I and a m—cation interac-
tion with its indole ring in cavity Il. Additionally, R102*¢*, Q120>%,
S123**? and F286°** formed hydrogen bonds with anamorelinin cavity
I, highlighting the functional importance of cavity I. A pocket formed
by eleven additional residues provided further structural support for
anamorelin.

Verification of the cryo-EM structure using MD simulations
Advances in computational methods have revolutionized the analysis of
structural data, offering powerful tools to investigate molecular inter-
actions atanatomiclevel. To elucidate the critical binding mechanism
of anamorelin, we applied molecular dynamics (MD) simulations as a
complementary approach to cryo-EM, addressing the latter’s inability
to capture structural flexibility.

In two of four 100-ns MD simulations, the binding mode closely
aligned with the structure observed in our cryo-EM analysis, provid-
ing additional support for its accuracy. However, in the remaining
two simulations, the benzene ring of anamorelin penetrated deeper
into the ligand-binding pocket, suggesting an alternative binding
mode. This alternative conformation highlights the dynamic nature
of the ligand-receptor interaction (Supplementary Video 1 and Sup-
plementary Table1).

Together, these computational approaches provide robust sup-
port for the validity of our cryo-EM model while also unveiling addi-
tionalinsights into the structural dynamics of anamorelin binding.

Functional validation of anamorelin-GHSR1a interactions
The binding mechanism of anamorelin with the ghrelin receptor was
further validated experimentally by generating alanine mutants of the

Table 1| Cryo-EM data collection, refinement and validation
statistics

Anamorelin-GHSR-miniG,
complex(EMD-36627),(PDB 8JSR)

Data collection and processing

Magnification 81,000
Voltage (kV) 300
Electron exposure (e- per A?) 60, 652
Defocus range (um) -0.8t0-1.8
Pixel size (A) 0.88
Symmetry imposed C,
Initial particle images (no.) 5,440,034
Final particle images (no.) 1,279,284
Map resolution (A) 2.89

FSC threshold 0143
Refinement
Initial model used (PDB code) TFOY
Model resolution (A) 3.0

FSC threshold 0.5
Map sharpening B factor (A?) —27.04
Model composition

Nonhydrogen atoms 10,074

Protein residues 1,280

Ligands uvl; 1
B factors (A2

Protein 55.52

Ligand 100.37
R.m.s.d.

Bond lengths (&) 0.004

Bond angles (°) 0.581
Validation

MolProbity score 1.50

Clashscore 5.80

Poor rotamers (%) 0.46
Ramachandran plot

Favored (%) 96.91

Allowed (%) 3.09

Disallowed (%) 0

“The two merged datasets were each taken with a different electron exposure.

identified amino acid residues (Fig. 1e and Extended Data Fig. 4). We
evaluated theimpactoftheseaminoacid substitutions on G,-dependent
signaling by assessing intracellular calcium concentration upon ghrelin
receptor stimulation with anamorelin.

Most tested mutants negatively affected the half-maximal effec-
tive concentration (ECs,), indicating impaired receptor function.
However, three mutants (S123>*?A, L181*%°A and V214°*°A) showed no
significantimpact onreceptor functions. In contrast, functional analy-
sis of natural genetic variations (S123**G and V214°*°L) confirmed the
importance of these residues (explained below; Extended Data Fig. 7e).

Notably, substitutions of E124>** and R283%%, crucial for forming
thesaltbridge, led toacomplete loss of function (Fig. 1e and Extended
DataFig. 4a) with negligibleimpact on expressionlevels onthe plasma
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membrane (Extended Data Fig. 4b), highlighting the essential role of
the salt bridge in shaping the ligand-binding pocket and its critical
functioninligand binding rather than affecting the receptor’s overall
structure.

These functional and computational analyses strongly support
the validity of our structural findings.

Overview of ligand-binding mechanisms on GHSR1a

While asingle GPCR structure offers valuable insightinto ligand-recep-
tor interactions, analyzing multiple receptor structures with diverse
ligands enhances our understanding of the receptor structure and
ligand recognition. Inaddition to the anamorelin-bound ghrelin recep-
tor revealed in this study, other ligand-bound and G-protein-bound
ghrelin receptor structures have been reported'® 2.

These structural data help understand the mechanism by which
drugs act on the ghrelin receptor. We initially mapped all the amino
acids involved in ligand binding (Supplementary Fig. 1a-h), uncover-
ing that 62 amino acids contribute to ligand binding (Fig. 2a). Nearly
all extracellular structures are involved in ligand binding, while TM1
does not participate.

We further identified specific amino acid residues involved in
the interaction with agonists or antagonists and inverse agonists, as
well as those binding regardless of drug properties (Supplementary
Fig. 1li-k). Agonist-specific binding animo acids are predominantly in
TM4-TM7 (Supplementary Fig. 1i), while those specific to antagonists
and inverse agonists are in TM2-TM3 and TM6-TM7 (Supplementary
Fig.1j). Commoninteraction amino acids are distributed across TM2-
TM7 (Supplementary Fig. 1k).

Moreover, we determined the conservation of amino acids
involved in ligand binding (Fig. 2b) and F279%" as a key residue bind-
ingallligands, highlighting its critical role. A natural genetic variation
at F279% significantly diminishes the receptor’s activity (Extended
DataFigs.7and8).

Overall, these structural analyses provide compelling evidence
thatdistinctligandsinteract with specificamino acid residues (Fig. 2c
and Supplementary Table 2), implying that eachligand induces unique
conformational changesin the ghrelin receptor.

Ligand-induced changes in the orthosteric binding pocket
We next investigated whether variations in the amino acids involved
inligand binding are reflected in the receptor’s structure. Using the
structural information obtained, we compared the binding modes
betweenanamorelinand other ligands. Cross-sectional analysis of the
ligand-binding pocket revealed a flexible pocket with modest changes
insize and shape depending on the bound ligand (Fig. 2d-i).
Notably, all ligands exhibited distinct binding modes, reshaping
the ligand-binding pocket and supporting the induced-fit model. In
particular, the inverse agonist PF-05190457 induced unique structural
changes, binding to cavities llland IV (Fig. 2j), which were unoccupied
by other ligands. These observations highlight the dynamic nature of
ligand-receptor interactions and the potential for diverse receptor
conformationsin response to different ligands.

Different ligands induce distinct GHSR1a conformations

GPCRs undergo drastic structural rearrangements upon ligand binding
withintheir extracellular pocket to transduce extracellular stimuliinto
intracellular signal (Fig. 3a). Examining structures in both active and
inactive states (Fig. 3b), we observed notable conformational differ-
encesat ligand-binding and G-protein-binding sites, indicating specific
allosteric modulations based on the bound ligands.

To gainacomprehensive understanding, we systematically com-
pared allavailable ghrelinreceptor structures, dividing theminto two
regions: the upper half (ligand binding) and the lower half (signal trans-
duction). Thisallowed us to examine the specific structural changes in
these functional regions.

To minimize the impact of varying cryo-EM resolution, we assessed
structural similarities among reported ghrelin receptor structures by
comparing shiftsinthe main chain ofthe TMs (Fig.3c). Inline with the
established conformational changes in the TMs during GPCR activa-
tion, our analysis revealed that both the lower and the upper regions
of the receptor structures exhibited differences when comparing the
ghrelin-bound form to those bound with CPD21 or PF-05190457.

While differing in extent, the agonist-bound conformations of
anamorelin, ibutamoren and GHRP6 showed distinct characteristics
from the ghrelin-bound form in both the extracellular and the intra-
cellular regions. These differences are evident in cross-sections of
structures bound to different ligands (Supplementary Fig. 2).

Theseligand-induced conformational variabilities may contribute
to the functional diversity and distinct signaling outcomes mediated
by the ghrelin receptor.

Choice of a functional assay reflecting GPCR structure
Toinvestigate whether the structural differences imply functional dif-
ferences, we leveraged the bioluminescence resonance energy transfer
(BRET) assay, which monitors the activity of nearly all Ga subunits in
real time”>* (Fig. 4a). A major advantage of the BRET assay is its ability
to quantify the G-protein activationrate, reflecting the GEF activity of
GPCRs*. This unique featureled us to termitas the ‘in cellulo GEF assay".

TS: Please change'sec'to's' here.According to well-established
principles, enzymes (GPCRs) catalyze faster reactions with their
preferred substrates (G proteins). Thus, the rate of G-protein activa-
tion provides valuable insightsinto the selectivity of GPCRs toward G
proteins. The strength of GEF activity and, consequently, G-protein
selectivity is intrinsically linked to the structural conformation of
GPCRs induced by ligand binding®. Using this principle, we ana-
lyzed the activity associated with structural changes induced by
ligand binding.

Intrinsic biochemical properties of GHSR1a

Using the BRET assay, we first determined the G-protein selectivity of
theghrelinreceptor upon stimulation with asaturated concentration
of ghrelin (Supplementary Fig.3a-c). This experiment was performed
with apanel of G proteins, excluding transducin and gustducin, which
are predominantly expressed in specialized cell types (Fig. 4b). Our
results showed that the ghrelinreceptor activates G proteinsin the G;,,
G, and Gy, subfamilies, with no notable activation of the G subfamily
(Fig. 4c,d and Extended DataFig. 5a,b).

Quantitative measurement of GEF activity revealed that the ghrelin
receptor is a promiscuous G,PCR (Fig. 4e and Extended Data Fig. 5c).
The G-protein coupling pattern changes over time because of differ-
ences in GEF activity for each G protein (Fig. 4f-h). Additionally, dif-
ferent G proteins are activated depending on ghrelin concentration
(Fig. 4i). These observations characterize the biochemical proper-
ties and a G-protein coupling profile for the ghrelin-bound receptor
(Fig. 4d,e), serving as a benchmark for evaluating the properties of
otherligands onthe receptor.

Anamorelin functions as a superagonist on GHSR1a
We nextinvestigated the characteristics of the ghrelin receptor bound
to anamorelin, comparingits activity to that of the receptor bound to
ghrelin (Fig. 5a-c). This experiment involved four representative G
proteins from three G-protein subfamilies, G,,, G, and G,; (from the
Gijor Gg/nand Gy, 5 subfamilies, respectively), as well as G5, an atypical
G protein known for its promiscuous coupling with broad GPCRs*
and its exceptionally slow deactivation rate’®. G proteins belonging to
the G, subfamily were excluded as they showed no coupling with the
ghrelin-bound receptor (Fig. 4).

Comparing the activation patterns of G proteins by ghrelin and
anamorelin, we observed that, while the agonist-induced maximum
amplitude remained consistent for G, itincreased for the other three
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G proteins (Fig. 5a,b). The activation rates of all examined G proteins
were enhanced (Fig. 5a,c), indicating that anamorelin acts asasuperag-
onist. Notably, ghrelinand anamorelin each induce unique patterns of
G-proteinactivation, with significant variationsinboth the degree and
the speed of activation across different G proteins (Fig. 5b,c).

Additionally, ibutamoren also acts as a superagonist (Extended
DataFig. 6a-c) but withadistinct balance of effects on G-protein activa-
tionrate compared to anamorelin (Extended Data Fig. 6¢ versus Fig. 5¢).
Theseresults suggest that the ghrelin-bound, anamorelin-bound and
ibutamoren-bound receptors adopt different conformations, influenc-
ing signaling properties. Thus, our elucidation of the ghrelin receptor
structure bound to anamorelin greatly enriches the limited collection
of GPCR structures associated with superagonists”.

Ligand properties shape GHSR1a signaling bias

Thisstudy identified superagonists using GEF activity asa measurement
inliving cells. Motivated by these findings, we investigated additional
ligands using our BRET-based approach to quantitatively examine
ligand properties on the ghrelin receptor (Fig. 5d-i).

To delve deeper into this investigation, we examined the partial
agonist AwFw-LL?® (Fig. 5d—f). While the full agonist ghrelin activated
Gy, Goa Gis and G, AWFw-LL selectively activated G, and showed no
activityon G,s. Evenatalower concentration, where the ghrelin-induced
G,activationrate was slower thanthat of AwFw-LL, ghrelinstimulation
clearly activated G,,, G;sand G,; (Extended Data Fig. 6d-f), highlighting
structural differences between the ghrelin receptor conformations
induced by ghrelin and AwFw-LL binding.
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a, Diagram of the BRET-based kinetic assay used for real-time monitoring of
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agonist leads to the dissociation of inactive heterotrimeric G proteins into active
guanosine triphosphate (GTP)-bound Ga and Venus-Gp,y, dimer. The free
Venus-Gpy, dissociated from GTP-bound Ga, interacts with the GBy effector
mimetic masGRK3ct-Nluc-HA, producing a BRET signal. b, Phylogenetic tree
of human Ga subunits, constructed with MEGA-X (https://www.megasoftware.
net/). c-e, Quantitative analysis of the G-protein selectivity profile of the ghrelin
receptor induced by ghrelin. HEK293T/17 cells, transfected with the ghrelin
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withasaturated ghrelin dose of 10 pM (Supplementary Fig. 3a-c) at time zero,
followed by monitoring changes in the BRET signal (c). Radar plotsillustrate the

maximum response amplitude (d) and activation kinetics (e) across different

G proteins. Line thickness in the radar plotsrepresents thes.e.m.ind,e. ris the
time constant derived from the kinetics of the observed response. f-h, Temporal

G-protein coupling profiles of the ghrelin receptorat1s (f),3 s (g) and 30 s (h)

after stimulation. i, Response to different concentrations of ghrelin. The traces

represent the mean values of three independent experimentsin c,i. Data are

shown as the mean + s.e.m. of three independent experimentsin d-h.
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Fig. 5| Quantitative analysis of ligand properties on the ghrelin receptor.
a-i, Quantitative assessment of ghrelin receptor activity in response to

anamorelin (a-c), AWFw-LL (d-f) andJMV 2959 (g-i) using an in cellulo GEF assay.

Saturated concentrations of ghrelin, anamorelin and AwFw-LL were determined
inSupplementary Fig. 3.a,d, Normalized BRET responses to the maximum
amplitude induced by 10 pM ghrelin are shown. g,h, Normalized BRET responses
to1uMghrelin without preincubation with JMV 2959 are shown. j, Diagram of
B-arrestin recruitment assay. k-m, Quantitative characterization of the ghrelin
receptor in response to AWFw-LL (10 pM), ghrelin (10 uM) and anamorelin

(10 pM) using a B-arrestin recruitment assay. The traces represent the mean
values of tenindependent experiments (a) or three independent experiments
(d,g,h k). Dataare shown as the mean + s.e.m. of tenindependent experiments
(b,c) or threeindependent experiments (e,f,i,I,m) in bar graphs. Statistical

significance was determined by a one-way ANOVA with a Dunnett multiple-
comparisontest (b,c,e,I,m) and unpaired two-tailed ¢-test (i), with significance
indicated by asterisks (*P < 0.05, **P < 0.01, **P < 0.001and ****P < 0.0001).
Adjusted Pvalues are as follows: <0.0001 for G, versus G,,, 0.0157 for G, versus
G,sand 0.0163 for G, versus Gy; (b); 0.8959 for G, versus G,,, <0.0001 for G, versus
G;sand 0.0003 for G, versus Gy; (€); <0.0001 for G, versus G, and G, versus G5
(e); 0.0001 for amplitude and 0.0022 for activation rate (i); <0.0001 for ghrelin
versus AWFw-LL and ghrelin versus anamorelin (I); 0.0002 for ghrelin versus
AwFw-LL and <0.0001 for ghrelin versus anamorelin (m). The activation rates
were not determined for G,, and G,;in fbecause of small responses that could
not be accurately quantified for activation rates. NS, not statistically significant
(P>0.05).
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Results with anamorelin and AwFw-LL indicate that agonists can
bias G-protein coupling. We further explored whether antagonists
could bias signaling. Of the ligands tested (JMV 2959, YIL 781, CPD21
and PF-05190457), only JMV 2959 showed neutral antagonist activity
(Supplementary Fig. 4), leading to its selection for the subsequent
experiments. Pretreatment with JMV 2959 inhibited ghrelin-induced
Gy; activation while leaving G, activation (Fig. 5g-i), demonstrating
that antagonists can bias G-protein coupling.

Our findings reveal the complexities of drug actionon the ghrelin
receptor. Structural (Figs.2 and 3) and functional (Figs. 4 and 5) obser-
vations indicate that the unique interaction mechanisms between
ligands and the receptor influence the receptor’s GEF activity and
G-protein selectivity. These results emphasize the importance of
considering the strength of GEF activity and G-protein selectivity in
GPCR-targeted therapy.

Arrestin recruitmentin drugaction

To explore the drug’s mechanism of action further, we examined the
initial step of arrestin-mediated desensitization: arresting mobilization
to the plasma membrane (Fig. 5j). Without transfecting G proteins to
observe natural responses from endogenous G proteins, we found that
AwWFw-LL, primarily inducing G, activity (Fig. 5d-f), hardly recruited
arrestin to the plasma membrane (Fig. 5k-m). However, agonists with
stronger GEF activity and promiscuous G-protein coupling (Fig. 5a—c)
intensified and accelerated arrestin recruitment (Fig. Sk-m).

Genetic diversity of GHSR

Current treatments often fail to account for genetic variability, influ-
encing drug response”. Advances in sequencing technologies have
revealed numerous single-nucleotide polymorphism (SNPs)** and
disease-related genes®, yet applying this knowledge to essential GPCR
targets such as the ghrelin receptor remains challenging.

Using data from gnomAD version 4.0 (https://gnomad.broad-
institute.org/), we analyzed natural genetic variations in the ghrelin
receptor across over 807,000 individuals*. Missense variations (MVs)
were distributed throughout the receptor, affecting 84% of amino acid
residues (Fig. 6a and Supplementary Table 3).

Onthebasis of the probabilistic analysis, approximately 99.4% of
people do not possess any MV within this receptor (Fig. 6b). Allidenti-
fied MVsarerare, withallele frequencies ranging from 0.01% to less than
1%, or ultrarare, with frequencies less than 0.01% (Fig. 6¢). No common
variant with more than1% allele frequency was observed, highlighting
the receptor’s essential physiological role.

Because rare and ultrarare variants are more likely to have delete-
rious effects®?*, investigating their functional importance is crucial.

Variations in ligand-binding pocket impact ghrelin actions
Toapply sequence informationin therapeutics effectively, itis essential
to identify both disease-causing variants® and those that alter drug
action among benign SNPs*. Leveraging structural informationis a
powerful approach toidentifying mutations thatimpact drug action®
and contribute to disease development®.

We, therefore, conducted a functional analysis on mutations
impacting residues within the ligand-binding pocket, commonly impli-
catedinligandinteractions (Figs. 2b and 6a). Additionally, weincluded
the A204°"’E mutant, associated with short stature because of low
basal activity’, as a representative pathogenic variant.

First, we examined the response of these mutants to ghrelin com-
pared to the wild-type receptor (Fig. 6d and Extended Data Fig. 7),
assessing amplitude, activation rates and basal activity. All mutants
exhibited abnormalities in at least one parameter (Extended Data
Fig. 7), demonstrating the efficiency of our approach in identifying
mutants with functional deficiencies. Notably, the N305"*K mutant
showed a complete loss of function (Fig. 6d), more severe than the
pathogenic A2045"2E mutant (Extended Data Fig. 7b).

Distinct responsiveness of the N305”*K mutant to ligands
Given the notable functional abnormality of the N3057*°K substitution,
we examined whether its functionality could be restored by various
agonists (GHRP6, anamorelin and ibutamoren) (Fig. 6e-g).

The N305"*K mutant showed distinct responses to different ago-
nists (Fig. 6d-g). It was unresponsive to the peptide ligand GHRP6
(Fig. 6e) but was activated to varying degrees by the small-molecule
drugsibutamorenand anamorelin (Fig. 6f,g). Preincubation with ghre-
lin or GHRP6 did not inhibit the response to anamorelin, indicating a
loss of binding ability to these peptide ligands (Fig. 6h,i).

Wealso investigated the response of N305”*K to antagonists and
aninverse agonist (Extended Data Figs. 8 and 9). N305”*K affected
the inhibitory effect of JMV 2959 and PF-05190457 (Extended Data
Fig. 9¢,e) but had no significantimpact on YIL 781 and CPD21 activity
(Extended DataFig. 9g,i).

Taken together, results with eight different ligands demonstrate
that each MV within the ligand-binding pocket uniquely influences
drug efficacy (Fig. 6 and Extended Data Figs. 7-9), consistent with
our structural analysis of ligand-binding mechanisms (Fig. 2 and Sup-
plementary Fig.1).

Structural basis of drug actions on the N305”*K variant
Leveraging the ligand-bound ghrelin receptor’s structures, we ana-
lyzed how N3057*K impacts drug actions. Our analysis revealed that
N305™* is responsible for binding to all four agonists examined but
their binding modes are different (Fig. 6j). Specifically, this residue
formsacrucial hydrogen bond with ghrelinand GHRP6 and its substi-
tution with lysine disrupts this bond, likely causing the complete loss
of binding ability (Fig. 6d,e,h).

In contrast, both anamorelinand ibutamorenrely less on this resi-
due. Anamorelin’s benzyl group usesN3057% and the lysine substitution
may maintain or enhance binding, explaining the limited impact on
ibutamoren’s and anamorelin’s activity (Fig. 6f,g).

For antagonists and the inverse agonist, thereisnoreported struc-
ture for the JMV 2959-bound and YIL 781-bound receptor. Therefore,
we analyzed the structures of CPD21-bound and PF-05190457-bound
receptors, finding N3057* to be 5.78 and 4.64 A away, respectively
(Extended Data Fig. 9k). This suggests N305™%s involvement in
PF-05190457 binding but not CPD21binding, explaining our functional
analysis results (Extended Data Fig. 9e,i).

Thus, our functional and structural analyses strongly suggest
that N3057* has a crucial role in determining drug actions targeting
the ghrelinreceptor.

Discussion
This study presents the structure of the ghrelin receptor bound by
anamorelin, the only approved drug targeting this receptor in clinics,
bringing the total number of reported ghrelin receptor structures
to eight. Comparing these structures shows that ligands with differ-
ent chemical structures bind uniquely, resulting in diverse receptor
structures and functions. This highlights that chemical design can
modify drug selectivity, affinity, downstream signaling pathways, cel-
lular response and efficacy, potentially reducing adverse side effects.
Additionally, our research demonstrates that measuring the GEF
activity of GPCRs in living cells can precisely elucidate ligand nature,
uncovering mechanisms of action that reflect ligand-bound GPCR
structures. Moreover, by analyzing genomic and exome sequences
from 807,162 individuals alongside structural information, we can
efficiently identify natural genetic variations that may be pathogenic
or affect drugaction mechanisms. These insights lay the groundwork
for data-driven, evidence-based treatment.

Roles of structural biology and GEF assay in drug design
As structural analyses of GPCRs progress rapidly, drug discoveries
targeting GPCRs are transiting from random to rational approaches”.
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The number of GPCR structures has now reached several hundred*®,
enabling in silico drug design®’ and screening*°. For instance,
successful drug screening targeting the dopamine D4 receptor has
been reported*.

After discovering a ligand and elucidating the structure of the
ligand-bound receptor, demonstrating how the drug acts on GPCR
is crucial for determining the therapeutic value. Despite progress in
structural analysis, no functional assay quantitatively reflects GPCR
structure, hampering rational drug design. As a unique approach, we
used a method to measure GEF activity that intrinsically reflects the
structure of ligand-bound GPCRs in aliving cell environment.

Inthis study, we quantitatively illustrated the G-protein selectivity
induced by ghrelin as anintrinsic biochemical property of the ghrelin
receptor (Fig. 4). This G-protein selectivity profile was compared to
thatinduced by chemically synthesized ligands (Fig. 5), allowing us to
investigate ligand nature quantitatively. For example, werevealed that
anamorelinis a superagonist withaunique conformation, highlighting
theimportance of strong GEF activity for treating cancer cachexia. This
study sets the stage for advancements in GPCR-targeted therapies, as
discussed further below.

The dynamic nature of GHSR1a-induced signaling
Understanding of GPCR signal transduction has evolved to reveal its
intricate and complex nature*. Particularly noteworthy is the fact that
many GPCRs can couple with multiple types of G proteins?****, This
study demonstrated that the ghrelin receptor functions asa G,PCR, dis-
playing promiscuity by also coupling with G proteins fromthe G;,,and
Gy, 3 subfamilies (Fig. 4d,e). This G-protein coupling pattern changes
dynamically over time (Fig. 4f-h) and isinfluenced by agonist concen-
tration (Fig. 4i). Such inherent complexity in all GPCRs*** provides a
wide range of functional possibilities, explaining their role in diverse
physiological phenomenaand evolutionary success*. However, drug
discovery has yet to fully exploit this unique characteristic.

Signaling bias driven by ligand properties

The preciserole of promiscuous G-protein coupling in GPCRs remains
unclear. However, for the ghrelinreceptor, G, signaling regulates food
intake*’, while G, influences insulin release*®. As such, controlling
G-protein selectivity at the ghrelin receptor may lead to more effec-
tive therapy.

Our findings show that ligands induce distinct receptor confor-
mations, leading to varying GEF activity across different G proteins
(Fig. 5 and Extended Data Fig. 6a-c). Even antagonists and an inverse
agonist were capable of signaling bias (Fig. 5¢g-i and Supplementary
Fig. 4), suggesting that combining ligands, such as an agonist and an
antagonist, could fine-tune signaling outcomes.

Theseresults demonstrate the potential of our in cellulo GEF assay
for quantitatively classifying drugs on the basis of their G-protein cou-
pling profiles, providing aframework for selecting ligands tailored to
enhance therapeutic efficacy and minimize side effects.

Toward treatment based on individual genetic differences
Arational treatment approach must consider genetic variations***’in
addition to controlling G-protein selectivity.

Using structural and genomic information, our study identified
mutants (for example, R102%9°P, S21754*P and F279%5'L) causing more
dramatic functional abnormalities than the pathogenic A204E
mutant’ (Extended Data Fig. 7b,f), potentially indicating the patho-
genicity of these mutants or their roles in nondisease characteristics*’.

Notably, the N305*K mutant, unable to bind to the endogenous
agonistghrelin, resulted inacomplete loss of function (Fig. 6d,h,i). This
mutant also failed to bind the peptide agonist GHRP6 but responded
to small chemical compounds anamorelin and ibutamoren (Fig. 6e-i
and Extended DataFig. 7c-e). Thus, conditions resulting from N305"*K
canbetreated with anamorelin or ibutamoren, depending onthe need.

We also showed that mutations can alter antagonist and inverse
agonist activity (Extended Data Fig. 8). Many mutations transformed
antagonists into agonists. For inverse agonists, mutations weakened
their activity but did not alter their function as agonists (Extended
DataFig. 8e). This suggests inverse agonists are asafer choice for sup-
pressing ghrelin receptor activity, with less impact from mutations.

While it is crucial to acknowledge that human genomes are
diploid, these results emphasize the need to account for natural
genetic variations before using drugs. This approach moves from a
one-treatment-fits-all model to tailored treatment for individuals®.

Conclusion

Insummary, we demonstrated that effective ghrelinreceptor-targeted
therapy can be achieved by understanding the receptor’s intrin-
sic biochemical properties (Fig. 4) and structure (Figs. 1-3), the
ligand-induced signaling bias (Fig. 5) and the impact of mutations on
drugactions (Fig. 6). This ensures that appropriate therapeutic agents
can be administered to the appropriate persons. Most importantly,
this enticing concept is applicable to a broad range of drug targets.
Considering that approximately 30% of FDA-approved drugs target
GPCRs, the impact of genetic variations on drug actions on GPCRs is
asubstantial economic burden®. Therefore, our strategy for efficient
identification of genetic variants that alter drug action is crucial for
establishing pharmacogenetics targeting GPCRs.
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Methods

Complementary DNA (cDNA) constructs

Ghrelin receptor (NM_198407) in pcDNA3.1(+) and its mutants were
synthesized by GenScript. Ga,, (NM_020988) in pcDNA3.1(+) was
a gift from K. Martemyanov. Ga,; (AH002708), Ga, (J03260), Gay,
(AF493900), Ga,, (NM_004297), Gays (AF493904), Ga, long iso-
form (Ga,) (NM_000516), Ga,s (AF493893), Gat,, (NM_007353) and
Gay; (NM_006572) in pcDNA3.1(+) were purchased from the cDNA
Resource Center (www.cDNA.org). The pCMV5 plasmids encoding
rat Goy, rat Ga,, rat Gai3, human Ga, and bovine Ga, short isoform
(Ga) were kindly provided by H. Itoh. The Venus (156-239)-Gp,,
Venus (1-155)-Gy, and mVenus-KRas were generously gifted by N.
A.Lambert™. FLAG-tagged Ric-8A (NM_053194) in pcDNA3.1 was a
gift from J.-P. Montmayeur*’. FLAG-tagged Ric-8B (NM_183172 with
asingle MV (A1586G)) in pcDNA3.1 was a gift from B. Malnic*>. mas-
GRK3ct-Nluc-HA* and pertussis toxin (PTX-S1; AJ920066) were
reported previously®*. B-arrestin 2-Nluc (B-arrestin 2 (NM_004313)
fused to a GGSGGG linker at the N terminus of Nluc was a gift from K.
Martemyanov.

Mutagenesis of the ghrelin receptor

The full-length human ghrelin receptor was cloned into a pCAGGS
expression vector with an HA signal sequence followed by a FLAG
epitope tag at the N terminus and an 8xHis-tag at the C terminus?.
Most ghrelin receptor mutants were previously described”. To gen-
erate mutants that were not previously produced, the KOD One PCR
master mix (TOYOBO) was used. These constructs were used in Fig. 1
and Extended DataFig. 4.

Cloning and expression of GHSR1a complex in Spodoptera
frugiperda (Sf9) cells

The full-length human ghrelin receptor was cloned into a modified
pFastBaclvector (Invitrogen). The vector contained an expression cas-
settewithan HA signal sequence, aFLAG epitope tag and an 8xHis-tag.
These were followed by a thermostabilized apocytochrome bs,RIL
(bRIL) epitope from Escherichia coli(M7W, H102land R106L) toimprove
the expression level. A human rhinovirus (HRV) 3C protease cleavage
sitewasinserted between the ghrelinreceptor and bRIL. Additionally,
alarge fragment of NLuc was fused to the receptor’s C terminus.

For miniG,, cloned into pFastBacl, a dominant-negative miniG,
skeleton with the Ga; N terminus was used to enable binding to Nb35
and scFv16. Bovine Gy, and a 10xHis-tagged rat Gf3, with a C-terminal
HiBiT tag were subcloned into the pFastBac Dual vector. Ric-8A, a
molecular chaperone, was likewise cloned into pFastBacl vector.

Recombinantbaculoviruses were generated using the Bac-to-Bac
baculovirus expression system (Invitrogen). Sf9 insect cells (Thermo
Fisher Scientific, B82501) were infected with baculovirus ata cell den-
sity of 2-3.5 x 10° cells per mlin PSFM-J1 medium (Wako) supplemented
with 2% (v/v) fetal calf serum, 50 U per ml penicillin, 50 pg ml™ strep-
tomycinand 0.5 pg ml™ amphotericin B. The ghrelin receptor, miniG,,
Gp,y, and Ric-8A were coinfected at a multiplicity of infection ratio of
8:2:2:1. Cells were harvested by centrifugation 48 hafter infection and
the cell pellets were stored at —80 °C for future use.

Expression and purification of Nb35 and scFv16
Nb35 and scFv16 were expressed using the Brevibacillus expression
system (Takara). B. choshinensis cells transformed with Nb35 or scFv16
were kindly provided by N. Nomura. Transformed cells were cultured
at30 °Cfor3 daysinamedium containing40 g L 'soytone, 5 g L 'yeast
extract,20 g L™ glucose, 0.15g L™ CaCl,and 50 mg L neomycin.
Ammoniumsulfate wasadded to the collected culture supernatant
to a final concentration of 60% to precipitate the proteins. The pre-
cipitate was collected by centrifugation at 11,100g for 20 min at 4 °C,
dissolvedina TBS buffer (10 mM Tris-HCI pH 7.5 and 150 mM NaCl) and
dialyzed overnight in the same buffer.

The dialyzed sample was purified using Ni-NTA resin and treated
with 6xHis-tagged tobacco etch virus (TEV) protease, followed by
overnight dialysis in TBS buffer. Cleaved mCherry-10xHis-tagged
and 6xHis-tagged TEV protease were removed using a HisTrap col-
umn (Cytiva). The flowthrough fractions were further purified using
a HiLoad 16/600 Superdex 75-pg column (Cytiva) equilibrated with
TBS buffer. Peak fractions were pooled, concentrated to 2.5 mgml™,
flash-frozenin liquid nitrogen and stored at -80 °C.

Complex purification

The cell pellets were resuspended in a buffer containing 20 mM HEPES
pH7.5,100 mM NacCl, 10% glycerol, 5 mM MgCl,, 5 mM CaCl,, 0.25 mM
TCEP, protease inhibitor cocktail (Nacalai Tesque), 25 mU per ml of
apyrase and 2 uM anamorelinand stirred for 1 h atroom temperature.
Cell membranes were isolated by ultracentrifugation at 100,000g
for 30 min at 4 °C, then solubilized for 2 h at 4 °C in a solubilization
buffer containing 20 mM HEPES pH 7.5, 100 mM NacCl, 10% glycerol,
5 mMMgCl,,5 mM CaCl,, 0.25 mM TCEP, a protease inhibitor cocktail,
25 mU per ml of apyrase, 0.5% (w/v) lauryl maltose neopentyl glycol
(LMNG, Anatrace) with 0.05% (w/v) cholesteryl hemisuccinate (CHS,
Sigma-Aldrich) and 2 pM anamorelin. Insoluble materials were removed
by ultracentrifugation at 100,000g for 30 min at 4 °C.

The supernatants were incubated with TALON metal affinity resin
(Clontech) for 2 h at 4 °C. The resin was than washed with ten column
volumes of wash buffer containing 20 mM HEPES pH 7.5,100 mM NaCl,
10% glycerol, 2 mM MgCl,, 2 mM CacCl,, 20 mM imidazole, 0.25 mM
TCEP, 0.01% (w/v) LMNG, 0.01% (w/v) glyco-diosgenin (GDN; Anatrace),
0.001% (w/v) CHS and 2 pM anamorelin. The complex was eluted with
three column volumes of elution buffer containing 20 mM HEPES pH
7.5,100 mM NaCl, 10% glycerol, 2 mM MgCl,, 2 mM CaCl,, 250 mM
imidazole, 0.25 mM TCEP, 0.01% (w/v) LMNG, 0.001% (w/v) GDN
(Anatrace), 0.001% (w/v) CHS and 10 pM anamorelin.

TALON elution fractions were mixed with Nb35, scFvli6 and HRV 3C
protease and stirred overnight at4 °C to cleave the N-terminal FLAG tag,
8xHis-tag and bRIL epitope. The protein complex was concentrated to
0.5 mlusing an Amicon Ultra-15 concentrator (Millipore) and then puri-
fied by size-exclusion chromatography on a Superdex 200 Increases
10/300 column (GE Healthcare) pre-equilibrated with a buffer con-
taining 20 mM HEPES pH 7.5,100 mM NacCl, 2 mM MgCl,, 2 mM CacCl,,
0.25 mM TCEP, 0.0015% (w/v) LMNG, 0.0005 (w/v) GDN, 0.00015%
(w/v) CHS and 20 pM anamorelin. Monomeric complex fractions were
collected, concentrated to - 10 mg ml™ and used for EM experiments.

Cryo-EM grid preparation and data collection

Quantifoil R1.2/1.3 holey carbon copper grid (Quantifoil) was
glow-discharged at 7 Pa with 10 mA for 10 s using a JEC-3000FC sput-
ter coater (JEOL) before sample application. A 3-pl aliquot of samples
was applied to the grid, blotted for 5 s with a blot force of 10 in 100%
humidity at 8 °C and then plunged into liquid ethane using a Vitrobot
Mark IV (Thermo Fisher Scientific).

Cryo-EM data collection for screening sample quality and grid
conditions was performed on a Glacios cryo-transmission EM instru-
mentoperated at 200 kV with a Falcon4 camera (Thermo Fisher Scien-
tific) at the Institute for Life and Medical Sciences, Kyoto University.
Following screening, final data collection was conducted on a Titan
Krios (Thermo Fisher Scientific) operated at 300 kV equipped with a
direct K3 electron detector, Gatan BioQuantum energy filter (20-eV
slitwidth) (Gatan) and Cs corrector (CEOS) at the Institute for Protein
Research, Osaka University.

Data collection occurredintwo separate sessions using SerialEM
software at anominal magnification of x81,000 (calibrated pixel size
of 0.88 A per pixel). For the first session, a total exposure time of 5.82 s
across 60 frames was used; for the second session, 6.503 s across 65
frames was used. Both sessions used adefocus range of -0.8 to -1.8 um.
Detailed imaging conditions are described in Table 1.
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Cryo-EM data processing

Image stacks for both datasets of the anamorelin-bound ghrelin
receptor-miniG, complex were processed using MotionCor2.1 for
beam-induced motion correction®. Dose-weighted micrographs were
imported into cryoSPARC version 3.2 (Structura Biotechnology)*¢,
where contrast transfer function (CTF) parameters were estimated
using the patch CTF estimation tool.

For thefirst dataset, particles wereinitially selected using the Blob
particle picker. Initial two-dimensional (2D) classification was performed
to generate templates for template-based particle picking. A subset of
the selected particles was used to train Topaz, which was subsequently
used for particle repicking from the micrographs®. The picked particles
were extracted with a pixel size of 1.1 A per pixel and subjected to 2D clas-
sification to discard poorly defined particles. Ab initio reconstruction
was performed in cryoSPARC, generating four classes: one well-defined
classand three trash classes. Multiple rounds of heterogeneous refine-
ment were applied to the four ab initio models to remove low-quality
particles. The selected particles were then extracted at full pixel size
(0.88 A per pixel) and refined using nonuniform (NU) refinement.

For the second dataset, particles were selected using the template
picker with 2D templates derived from the previous NU refinement.
The picked particles were extracted at a pixel size of 2.2 A per pixel
and subjected to 2D classification to exclude poorly defined particles.
Multiple rounds of heterogeneous refinement were applied using the
four ab initio models from first dataset. The selected particles were
extracted at full pixel size and further refined with NU refinement.

The datasets were subsequently merged and additional 2D clas-
sification and heterogeneous refinement were performed to obtain
the final particles. NU refinement was applied to generate the final
map, withresolutions estimated using the gold-standard Fourier shell
collection (FSC = 0.143) criterion. Local resolution was calculated in
cryoSPARC and map sharpening was reevaluated using the PHENIX
autosharpen tool. These processed maps were used for modeling.
The overall processing strategy isillustrated in Extended Data Fig. 1.

Model building and refinement

Model building was guided by the previously determined cryo-EM
structures of the GHSR1a-miniG,complex (PDB 7F9Z)'®. The receptor,
miniG, trimer, Nb35and scFvl6 models were manually constructedin
Coot**and subsequently refined through multiple rounds of real-space
refinement using PHENIX*. Molecular graphics were generated using
CueMol2 (http://www.cuemol.org) and UCSF ChimeraX®’. The statistics
for the three-dimensional reconstruction and model refinement are
summarizedin Table 1.

Identifying ligand interactions with the ghrelin receptor

To investigate the ligand-binding and Ga-binding mechanisms to
the ghrelin receptor, we used LigPlot* version 2.2.8 (https://www.ebi.
ac.uk/thornton-srv/software/LigPlus/). Structural models from the
PDB (https://www.rcsb.org/) were first protonated using ChimeraX
version 1.7.1 (https://www.cgl.ucsf.edu/chimerax/) and interactions
were subsequently analyzed with LigPlot". The analysis was conducted
by adjusting two parameters from the default settings. Specifically,
the Maximum D-A distance was set to 4 A and the maximum contact
distance was set to 5 A to account for protein structure flexibility.

Creation of snake plots
The snake plots were created using GPCRdb (https://gpcrdb.org/).

Visualization of local structural differences

Structural variations in ghrelin receptors bound to different ligands
were visualized using color-coded Ca r.m.s.d. maps in ChimeraX
(Fig. 3a,b). In this analysis, regions of high structural variance are
indicated inred, whereas areas of high homology are shown in white.
Residues notincluded inthe superposition are displayed in gray.

Cell surface expression assay

The cell surface expression of wild-type and mutant ghrelin receptors
was evaluated using afluorescence-activated cell sorting (FACS) assay.
HEK293 cells (American Type Culture Collection (ATCC), CRL-1573)
were seeded in 24-well plates at a density of 3.5 x 10° cells per well and
cultured at 37 °C in 5% CO, for 24 h. The cells were transfected with
FuGENE HD transfection reagent (Promega).

The following day, transfected cells were harvested in PBS con-
taining 1 mM EDTA and incubated on ice for 30 min with 2.5 pg miI™
anti-FLAG antibody (Wako) and 5 pug mI™ Alexa Fluor 488-conjugated
anti-mouse IgG goat polyclonal antibody (Thermo Fisher Scientific)
in FACS buffer (PBS with 2% FBS and 0.05% NaN,). After washing with
FACS buffer, FLAG-positive cells were analyzed using a Guava EasyCyte
Plus flow cytometer (Merck Millipore).

The mean fluorescence intensity (MFI) of each mutant was deter-
mined using Cytosoft version 5.3.1 (Merck Millipore). The MFI of the
mutant receptors was normalized to that of the wild-type ghrelin recep-
tor, which was measured in parallel, and expressed as relative levels.

Ca* mobilization assay

Afluorescence-based assay was used to detect changesinintracellular
Ca* concentration ([Ca®'];). CHO-K1 cells (ATCC, CCL-61) were seeded
in 6-cm dishes at adensity of 3 x 10° cells per dish and transfected with
either wild-type or mutant ghrelin receptor constructs using FUGENE
HD transfection reagent. The following day, transfected cells were
harvested and plated into 96-well black plates (Corning) at a density
of 2.5 x10* cells per well.

Aftera24-hincubation, the cells wereloaded with 100 pl of calcium
indicator from the FLIPR Calcium 5 assay kit (Molecular Devices) in
Hanks’ balanced salt solution containing 20 mM HEPES-NaOH pH 7.5
and 3 mM probenecid. The cells were incubated for 1 hat 37 °C before
testing. Changes in fluorescence, indicative of calcium mobilization,
were measured using a FlexStation3 (Molecular Devices) following the
addition of 50 pl of anamorelin at various concentrations.

Maximum [Ca?'];changes were determined in quadruplicate and
normalized to the response elicited by 1 uM ionomycin. ECs, values
for each dose-response curve were calculated using GraphPad Prism
9 software.

Transfection for fast kinetic BRET assay

HEK293T/17 cells (ATCC, CRL-11268) were cultured in DMEM supple-
mented with10% FBS, nonessentialamino acids,1 mMsodium pyruvate
and antibiotics (100 U per ml penicillin and 100 pg mI™ streptomy-
cin) at 37 °Cin a 5% CO, humidified incubator. Before seeding, 3.5-cm
culture dishes were coated with 1 ml of Matrigel solution (approxi-
mately 10 pg ml™ growth factor-reduced Matrigel (Corning) in culture
medium) at 37 °Cfor 5 min.

Cellswere seeded at adensity of 2 x 10° cells per dishand, after 2 h,
transfection was performed using 5 pg of expression constructsand 5 pl
of 1 mg mI™ PEIMax per dish. The ghrelin receptor (1), G (Gai,, (2), GOt
(1), Gay (1), Ga, (2), Gay (1.5), Ge, (1.5), Gay, (2),Gay (2), Gayy (4), Gays (2),
Ga,short (6), Go,long (4), Ga,¢(6), Gay, (3) or Gay; (4)), Venus (156-239)-
Gp3, (1), Venus (1-155)-Gy, (1) and masGRK3ct-Nluc-HA (1) were trans-
fected (thenumberin parenthesesindicates theratio of transfected DNA
(ratio1=0.21pgfordish)). Gay,, Goysand Ga,required coexpression with
molecular chaperones Ric-8A or Ric-8B to generate functional G-protein
complexes, as previously reported™. A catalytic subunit of pertussis toxin
(PTX-S1) was coexpressed with Ga,, Gag, Gay, Goy,, Gays, Ga (short or
long), Ga,, Gay, or Gays to inhibit possible endogenous G, coupling. An
empty pcDNA3.1(+) vector was used to normalize total transfected DNA.

Fast kinetic BRET assay (in cellulo GEF assay)

Agonist-induced BRET responses between Venus-Gfy and mas-
GRK3ct-Nluc-HA sensors were measured as described previously**°',
Then, 16-24 h after transfection, cells were washed with BRET buffer
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(PBS containing 0.5 mM MgCl,and 0.1% glucose), detached and resus-
pended in BRET buffer. Approximately 50,000-100,000 cells per well
were distributed in 96-well plates. Furimazine (Promega) was used as
the Nluc substrate following the manufacturer’s instructions.

BRET measurements were performed at room temperature usinga
microplatereader (FLUOstar Omega or PHERAstar FSX; BMG Labtech).
The BRET signal is determined by calculating the ratio of the light
emitted by the Venus-Gpy over the light emitted by Nluc. The basal
BRET ratio before agonist stimulation was subtracted to calculate the
ABRET ratio, with the largest ABRET value representing the maximum
BRET amplitude. The activation rate constants (1/7) were determined
by fitting a single exponential curve to the traces using Clampfit 10.3.

Fromour experience, ithasbeenobserved that responses measured
by cellular assays can vary greatly with the cellular state. Consequently,
whenundertaking comparisons between two different conditions—such
ascomparing various mutants against the wild-type receptor or analyz-
ing responses to distinct ligands—we make it a point to only compare
datafrom experiments conducted on the same day for consistency.

B-arrestin recruitment assay

Similar to the transient transfection described above for HEK293T/17
cells, the cells were transiently transfected with the ghrelin receptor (1),
B-arrestin2-Nluc (0.1) and mVenus-KRas (2) constructs. The numbers
in parenthesesrepresent theratios used for transfection, where aratio
of 1denotes 0.21 pg for a 3.5-cm dish. The day after transfection, the
cells were used in experiments similar to the in cellulo GEF assay. The
cells were used to assess the recruitment of 3-arrestin 2to the activated
ghrelin receptor, which is indicated by an increase in BRET between
the Nluc and the Venus.

MD simulation of the anamorelin-bound ghrelin receptor

We used the cryo-EM structure of the anamorelin-bound ghrelin recep-
tor. Thestructure wasinserted intoamodel membrane constructed by a
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer.
It was immersed in the TIP3P water where NaCl (0.10 mol L™) was dis-
solved. The membrane builder inthe CHARMM-GUI web interface®“*
was used to perform the insertion and system pre-equilibration.
Parameters and molecular topologies for the ligands were gener-
ated on the basis of the CGenFF force field®*. The initial box size was
100 A x100 A x 122 A. The numbers of POPC lipids, water molecules,
sodiumionsand chlorideions were 259,25,941,46 and 60, respectively.
MD simulations were performed with AMBER 20 (https://ambermd.
org/), usingthe CHARMM36m force field. The time step was setat 2.0 fs
andthebondlengths with Hatoms were constrained using the SHAKE
algorithm. Electrostatic interactions were calculated using particle
mesh Ewald. We used the nonbonded cutoffat 12 Aand applied the Lan-
gevinthermostatand the Monte Carlo barostat toregulate temperature
and pressure, respectively. We conducted a100-ns product simulation
inthe NPT ensemble at 298.15 K and 1 atm. The force constant for the
restraints on the backbone atoms was at 1 kcal per mol per A2,

Statistical analysis
All of the statistical analyses were performed with GraphPad Prism
version 9.

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

Data availability

The cryo-EM density maps and atomic coordinates were deposited to
the EM Data Bank and PDB under accession numbers EMD-36627 and
8JSR for the anamorelin-bound ghrelin receptor-miniG, complex. The
initial coordinates, simulation input files and final output coordinate
file fromour MD simulations, conducted infourindependent replicates,

were deposited to the Biological Structure Model Archive under acces-
sion code BSM00078. Source data are provided with this paper.
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Extended DataFig. 1| Single-particle cryo-EM analysis procedure. complex. A total of 11,068 micrographs were acquired using a Titan Krios

(a) Representative elution profile of the purified anamorelin-bound ghrelin microscope. (c) Cryo-EM data processing workflows of the anamorelin-bound
receptor-miniG, complex fromasize exclusion column, along withits Coomassie  ghrelinrecepro-miniG, complex. The final cryo-EM map is colored according to
Brilliant Blue (CBB) staining. Peak I represent the void peak. Purification and local resolution (A). (d) Euler angle distributions of the particles used for

CBB staining were performed more than five times, consistently yielding final reconstruction (left) and the global GSFSC curve for the final 3D density
similar results. (b) Representative cryo-EM micrographs and two-dimensional map (right).

classification averages of the anamorelin-bound ghrelin receptor-miniG,
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Extended Data Fig. 4 | Dose response analysis and expression levels of
functional receptors on the plasma membrane. (a) Ca** mobilization assay
for ghrelin receptor mutants. Wild-type and alanine mutants are shown in gray
and black, respectively. The change in maximum [Ca®']i upon the addition of

each concentration of anamorelin was determined in quadruplicate (n =4 wells).

Symbols and error bars represent mean and standard error. A representative
result from three independent experiments with similar results was presented.
(b) Cell surface expression levels of wild-type and mutant ghrelin receptors.
The wild-type and mutant receptors were fluorescently labeled through an
N-terminal Flag tag on each receptor. The expression levels of the mutants were

quantified by calculating the ratio of green fluorescence intensity to that of the
wild type. The expression levels of each mutant were 50-145% of the wild type,
except for L210%*A, S217°4*A, and F31274?A. Statistics: results are expressed as
mean +SD (One-way ANOVA followed by Dunnett multiple comparison test, P <
0.05,**P <0.01, **P < 0.001, and ***P < 0.0001; n =3 wells). Adjusted P values in
comparison with the wild-type receptor are as follows: <0.0001 for E124E, R283A,
S123A,S217A,F309A, F312A, and L210A; 0.0001 for D99A; 0.0003 for N305A;
0.0009 for F286A; 0.0012 for Q120A; 0.0041 for L103A; 0.0400 for R102A;
0.0608 for L181A; 0.2281 for M213A; 0.9076 for 1178A;>0.9999 for V214A.
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Extended Data Fig. 6 | Quantitative analysis ofibutamoren and AwFw-LL
properties on the ghrelin receptor. (a-f) Quantitative characterization of the
response induced by ibutamoren (a-c) and AwFw-LL (d-f) compared to ghrelin
using the in cellulo GEF assay. (a) Normalized BRET responses to the maximum
amplitude induced by ghrelin are shown. (b and ¢) The maximum amplitude
(b) and activation rates (c) induced by ibutamoren, presented as fold change

in comparison to the ghrelin-induce response, are shown as bar graphs.

(d) Normalized BRET responses to the maximum amplitude induced by ghrelin
are shown. (e and f) The maximum amplitude (e) and activation rates (f) induced
by AWFw-LL, presented as fold change in comparison to the ghrelin-induced
response, are shown as bar graphs. The traces represent the mean values of
fiveindependent experiments (aand d). Mean + SEM of five independent

experiments are shown (b-c and e-f). ‘N.D. indicates not detected (e). Statistical
significance was determined by One-Way ANOVA followed by Dunnett multiple
comparison test (b and ¢) and Two-Way ANOVA with Siddk multiple comparison
test (e andf), with significance indicated by asterisks (*P <0.05, **P<0.01, **P <
0.001, ****P <0.0001). Adjusted P values are as follows: 0.0003 for Gq vs. GoA,
0.0290 for Gq vs. G15, and 0.0307 for Gq vs. G13 in panel b; 0.0463 for Gq vs. GoA,
0.0002 for Gq vs. G15,and 0.9907 for Gq vs. G13 in panel ¢; <0.0001 for GoA, G15,
and G13,and 0.0055 for Gq in panel e; 0.0002 for GoA, 0.0034 for Gq, <0.0001
for G15,and 0.0009 for G13 in panel f. "N.D." indicates that the response was not
determined (f) due to small responses that could not be accurately quantified for
activationrates.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Impact of natural genetic variations in the orthosteric
ligand-binding pocket on agonist actions. (a) Schematic representation of the
BRET-based kinetic assay used for real-time monitoring of the ghrelin receptor’s
activity on G, following agonist stimulation. (b-e) The response of 14 ghrelin
receptor mutants to various agonists (10 pM ghrelin, 10 uM GHRP-6,10 pM
ibutamoren, and 10 pM anamorelin) was examined, focusing on the activation

of G, as afunctional readout of the mutant receptors. Bar graphs represent the
fold change compared to the wild-type receptor-induced response, illustrating
the maximum amplitude and the speed of G protein activation induced by each
agonist. The basal activity of the ghrelin receptor was also examined (f). Mean +
SEM of four independent experiments (e), three independent experiments
(b-d), or thirteen independent experiments (f) are shown. Statistical significance
was determined by One-Way ANOVA followed by Dunnett multiple comparison
test (b-f), with significance indicated by asterisks (*P < 0.05, **P < 0.01, ***P
<0.001, ***P<0.0001). Adjusted P values in comparison with the wild-type
receptor are as follows: <0.0001 for S123G, A204E, V214L, S217P, F279L, and
N305K, 0.0005 for P200S, 0.0028 for M2131, 0.0066 for 1178T, 0.0121 for E124D,
0.0769 for L103F, 0.2792 for R102P, 0.7626 for D99E, and >0.9999 for V214A in
panel b (amplitude); <0.0001for D99E, R102P, S123G, E124D, 1178T, A204E, S217P,
F279L, and N305K, 0.0002 for V214A, 0.0014 for V214L, 0.0605 for M2131, 0.4336

for L103F, and 0.6960 for P200S in panel b (activation rate); <0.0001 for R102P,
S123G, E124D, P200S, A204E, M213I, V214L, S217P, and F279L, 0.0004 for 1178T,
0.0037 for L103F, 0.9437 for V214A, and 0.9999 for D99E in panel ¢ (amplitude);
<0.0001 for D99E, R102P, E124D, A204E, and F279, 0.0026 for S217P, 0.0219 for
1178T, 0.0405 for P200S, 0.6703 for V214L, 0.9963 for M213I1, 0.9995 for L103F,
and >0.9999 for S123G and V214A in panel ¢ (activation rate); <0.0001 for R102P,
S123G, A204E, S217P,and F279L, 0.0003 for E124D and V214L, 0.0071 for P200S,
0.0085 for M213I, 0.0231 for 1178T, 0.0667 for LI03F, 0.9766 for V214A, 0.9945
for D99E, and >0.9999 for N305K in panel d (amplitude); <0.0001 for RI02P and
N305K, 0.0002 for D99E, 0.0008 for A204E, 0.0066 for E124D, 0.0197 for L103F,
0.0243 for F279L, 0.0343 for V214L, 0.0537 for S217P, 0.1246 for V214A, 0.2056
for P200S, 0.3043 for S123G, 0.9998 for 1178T, and >0.9999 for M213lin panel d
(activation rate); <0.0001 for R102P, S123G, E124D, 1178T, P200S, A204E, M213I,
V214L,S217P, F279L, and N305K, 0.0055 for L103F, 0.9053 for V214A, and 0.9773
for D99E in panel e (amplitude); <0.0001for D99E, R102P, E124D, A204E, M213l,
S217P,and F279L, 0.0046 for N305K, 0.0312 for P200S, 0.0427 for S123G, 0.0948
for 1178T, 0.3042 for L103F, 0.6292 for V214L, and 0.9963 for V214A in panel e
(activation rate); and <0.0001 for D99E, R102P, S123G, E124D, 1178T, P200S,
A204E, M213I,V214L,S217P, F279L, and N305K, 0.0007 for V214A, and 0.10172 for
L103F in panel f.‘N.D. indicates not detected.
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Extended Data Fig. 8 | Impact of natural genetic variations in the orthosteric
ligand-binding pocket on antagonist/inverse agonist actions. (a) Schematic
representation of the BRET-based kinetic assay used for real-time monitoring

of the ghrelinreceptor’s activity on G, following antagonist/inverse agonist
stimulation. (b-e) The response of 14 ghrelin receptor mutants to various ligands
(100 pM YIL 781,32 pM CPD21,100 pM JMV 2959, and 10 uM PF-05190457) was
examined, focusing on the activation of G, as a functional readout of the mutant
receptors. Bar graphsillustrate the maximum amplitude and the speed of G
protein activationinduced by each ligand. G, deactivationinduced by an inverse
agonist was quantified (e). Mean + SEM of four independent experiments (b)

or three independent experiments (c-e) are shown. Statistical significance was
determined by One-Way ANOVA with Dunnett multiple comparisontest (b, ¢, d,
and e), with significance indicated by asterisks (*P <0.05, **P <0.01, **P <0.001,
***P <(0.0001). Adjusted P values in comparison with the wild-type receptor
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are as follows: <0.0001 for 1178T, P200S, and S217P, 0.0005 for D99E, 0.0023

for S123G, 0.0024 for V214A, 0.0245 for M2131, and 0.9996 for A204E in panel

b (amplitude); <0.0001 for D99E, 1178T, P200S, and V214A, 0.0011 for S217P,
0.0020 for A204E, 0.7644 for S123G, and >0.9999 for M2131in panel b (activation
rate); <0.0001 for 1178T and S217P, 0.0002 for M2131, 0.0173 for D99E, 0.0330
for E124D, 0.5048 for V214A, 0.7065 for P200S, and 0.9998 for S123G in panel ¢
(amplitude); <0.0001 for D99E, S123G, E124D, 1178T, P200S, and S217P, 0.0038
forV214A, and 0.0080 for M213lin panel ¢ (activation rate); 0.0002 for E124D,
0.0003 for R102P and 1178T, and 0.0007 for V214 A in panel d (amplitude);
<0.0001 for R102P, E124D, 1178T, and V214A in panel d (activation rate); <0.0001
forno GHSR, S213G, E124D, 1178T, A204E, M2131, V214L, S217P, F279L, and N305K,
0.0002 for P200S, 0.6001 for L103F, 0.9942 for D99E, and 0.9994 for V214A in
panele.N.D!. indicates not detected.
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Extended DataFig. 9| Impact of N305”*K mutations on drug actions.
(a) Assay design to examine the antagonist/inverse agonist action of the N3057K
mutant compared to the wild-type ghrelin receptor. (b-i) Effects of J]MV 2959,
PF-05190457, YIL 781, or CDP21 on wild-type ghrelin receptor (b, d, f, and h) and
N305”*K mutant (c, e, g, and i). Transfected cells were pre-incubated with 100 pM
JMV 2959,10 uM PF-05190457,10 pM YIL 781, or 32 uM CPD21 for 1 min and then
stimulated with 10 pM anamorelin. The traces represent the mean values of three

Time (s)
independent experiments. Mean + SEM are presented as bar graphs. Statistical
significance was determined by unpaired two-tailed t test, with significance
indicated by asterisks (*P <0.05, **P < 0.01, **P < 0.001, ***P < 0.0001). Adjusted
Pvalues are as follows: 0.0004 (b), 0.0005 (c), <0.0001 (d), 0.0009 (e), <0.0001
(f),0.1809 (g), and <0.0001 (h). (j) Comparison of the chemical structures of YIL
781and CPD21. (k) Binding modes of N3057* and CPD21 or PF-05190457.
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