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Ghrelin plays a central role in controlling major biological processes.
As for other G protein-coupled receptor (GPCR) peptide agonists,
the structure and dynamics of ghrelin bound to its receptor remain
obscure. Using a combination of solution-state NMR and molecular
modeling, we demonstrate that binding to the growth hormone
secretagogue receptor is accompanied by a conformational change
in ghrelin that structures its central region, involving the formation
of a well-defined hydrophobic core. By comparing its acylated and
nonacylated forms, we conclude that the ghrelin octanoyl chain is
essential to form the hydrophobic core and promote access of
ghrelin to the receptor ligand-binding pocket. The combination of
coarse-grained molecular dynamics studies and NMR should prove
useful in improving our mechanistic understanding of the complex
conformational space explored by a natural peptide agonist when
binding to its GPCR. Such information should also facilitate the
design of new ghrelin receptor-selective drugs.

GPCR | ghrelin | acylation | NMR | coarse-grain modeling

protein-coupled receptors (GPCRs) compose the largest

family of cell surface receptors and contribute to various central
physiological processes (1). As such, they represent prominent
therapeutic targets (2). Despite the wealth of structural information
obtained over the last decade, few complexes between receptors and
their natural agonists have been identified. This problem is partic-
ularly apparent for peptide ligands. Indeed, the structures of only a
handful of all of the class A GPCRs activated by endogenous pep-
tides or proteins have been elucidated (3, 4), often with constrained
ligands and/or modified receptors (3). Although limited, the existing
structural data nevertheless demonstrate that GPCR peptide ligands
adopt very diverse and complex modes of binding (3).

Ghrelin is a 28-aa peptide hormone that exerts a wide range of
biological effects, including controlling growth hormone secre-
tion, food intake, glucose metabolism, and reward (5). These
effects are all mediated by a class A GPCR, the growth hormone
secretagogue receptor (GHSR) (6). A detailed description of the
structure of ghrelin in its receptor-bound state is lacking and is
urgently needed, given its primary physiological role and thera-
peutic potential (5). Intriguingly, ghrelin requires posttransla-
tional octanoylation on the serine residue at position 3 for
GHSR binding and activation, even though nonacylated ghrelin
is the most abundant circulating form of the hormone (5). The
role of the ghrelin octanoyl chain is currently unknown, although
different roles have been proposed, such as partitioning into the
membrane to increase the local concentration near the receptor
or stabilizing the peptide conformation for optimal docking to
GHSR. Here, by combining solution-state NMR with molecular
modeling, we provide a detailed description of the structure and
dynamics of ghrelin bound to its receptor and illuminate the role
of the octanoyl chain in stabilizing the structure of the hormone
and promoting its binding to GHSR.

Www.pnas.org/cgi/doi/10.,1073/pnas.1905105116

Results

The Ghrelin-GHSR Complex. Wild-type human monomeric GHSR
was expressed in Escherichia coli and assembled into POPC/
POPG nanodiscs (7). Active GHSR was then purified on a
ligand-immobilized affinity column (8) (SI Appendix). The re-
ceptor used in all NMR experiments was thus fully functional
with regard to ghrelin binding and G protein activation (Fig. 1 4
and B), with more than 90% of GHSR in our preparations com-
petent to bind ligand, as assessed in a stoichiometric titration assay
(Fig. 1C). Moreover, high-affinity ghrelin binding similar to that
measured in HEK cells could be recovered by reconstituting the
isolated receptor in nanodiscs with its cognate Gq protein (Fig. 1D).
The effect of the G protein on agonist affinity provides a further
measure of the functional properties of the purified receptor. It also
indicates that the properties of ghrelin bound to isolated GHSR
assessed in this work are signatures of the natural agonist bound to
the low-affinity, G protein-uncoupled state of its GPCR.

To facilitate NMR analyses, we used a ghrelin peptide con-
taining residues 1 to 18 (ghrelin 1-18) instead of full-length
ghrelin (Fig. 24), because the N-terminal region of ghrelin has
been shown to be sufficient for full GHSR binding and activation
(9-12). Accordingly, this truncation did not have a major impact
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Fig. 1. Functional properties of the isolated GHSR. (A) FRET-monitored
competition assays of ghrelin, ghrelin 1-18, and unacylated ghrelin 1-18 for
binding GHSR assembled into nanodiscs. (B) GTPyS binding to Gagp1y2 catalyzed
by GHSR-containing nanodiscs in the absence of ligand or in the presence of
10 pM ghrelin, 10 pM ghrelin 1-18, or 500 1M unacylated ghrelin 1-18. (C) FRET-
monitored stoichiometric titration of a 20 uM fluorescent ghrelin solution with
increasing concentrations of GHSR-containing nanodiscs. (D) FRET-monitored
competition assays of ghrelin 1-18 for binding GHSR assembled into nanodiscs
(NDs) in the absence or in the presence of Gaqf1y2 compared with the HTRF-
monitored competition binding assay of ghrelin 1-18 on GHSR expressed in
stable HEK293 cell lines. (E) Fluorescence emission spectra of bimane attached to
C30473* of GHSR in nanodiscs in the absence of ligand or in the presence of
10 pM ghrelin or of 500 uM unacylated ghrelin. (F) Ghrelin, ghrelin 1-18, and
unacylated ghrelin-induced IP1 production in GHSR-expressing HEK293 cells.
Except for E, data are the mean + SEM of 3 measurements.

on either ghrelin affinity for GHSR or its ability to trigger Gq
activation (Fig. 1 4 and B) (9). In addition, the Cg fatty acid chain
was attached to an Asp residue at position 3 instead of a Ser, to
increase the stability of the octanoylated version of the peptide
(Fig. 24). This modification does not affect the pharmacologic
profile of ghrelin (13), as the ester bond between the Cg chain and
Ser3 is not indispensable for ghrelin activity (11). Ghrehn 1-18
was synthesized with a number of residues labeled with >N on
their amide bonds, spanning the entire peptide sequence (i.e., S2,
F4, L5, S6, E8, Q10, V12, Q14, E17, and S18). Under our ex-
perimental conditions, ghrelin 1-18 was in fast exchange between
its free and receptor-bound states on the chemical shift time scale
(i.e., <10 ms). Indeed, we observed broadening of site-specific
ghrelin signals in the presence of GHSR and linear chemical
shift variations as a function of the bound fraction (Fig. 2B and SI
Appendix, Fig. S1), as was previously observed for the dynorphin—
k-opioid receptor complex (14). We exploited these fast-exchange
conditions to use a large excess of ghrelin compared with GHSR
(0.0015 GHSR -to-ghrelin molar ratio). Under these fast-exchange
conditions, "N transverse relaxation rates and 'H cross-relaxation
rates were weighted averages of their values in the free and bound
states. Due to the GHSR nanodiscs’ slow tumbling motion, these
values are 3 to 4 orders of magnitude higher in the bound state

17526 | www.phas.org/cgi/doi/10.1073/pnas. 1905105116

than in the free state. Thus, the former very likely dominated the
measured averages, as confirmed by our results (Fig. 2C and S/
Appendix, Fig. S2). To account for nonspecific binding, we sys-
tematically duplicated each NMR experiment in the presence of an
orthosteric GHSR ligand, JMV5327. This nonpeptidic compound
(15) dissociates slowly from the isolated receptor, which prevents
ghrelin from binding to its orthosteric site (SI Appendix, Fig. S3).

Receptor-Bound Ghrelin Structure, Dynamics, and Interaction
Mapping. First, we measured amide nitrogen N transverse re-
laxation rates ("N Ry), which are direct reporters of peptide internal
mobility in its receptor-bound state (14). We carried out these
measurements with a perdeuterated receptor, as perdeuteration is
straightforward in the E. coli express10n system that we used (16)
and prevents spin diffusion in "*N relaxation and proton transferred
nuclear Overhauser effect (trNOE) NMR experiments (17, 18). We
observed significant differences in the N R, of ghrelin between
apo- and JMV5327-loaded GHSR (Fig. 2C). Specifically, we found
considerably higher rates for re&dues F4 to E8 in the absence of the
competing compound. This N transverse relaxation rate profile
indicates that the N-terminal region encompassing the functionally
important residues F4 (in part), LS5, and S6 is rigidified in the
GHSR-bound state while the peptide backbone becomes pro-
gressively more flexible (i.e., unfolded) toward the C terminus.
Complementary information on side chain dynamics was pro-
vided by 1D proton spectrum line shape analysis (Fig. 2B and
SI Appendix, Fig. S1). We observed significantly broadened signals
for ghrelin protons G1-H,, S2-Hp, F4 aromatic ring, L5 side chain
methyl, S6-Hg, and Cg chain in the presence of the receptor and in
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Fig. 2. Acylated and unacylated ghrelin structural dynamics in the bound
state. (A) Primary structure of the ghrelin peptide studied in the present
work. Differences from the human wild-type peptide (deletion of residues
19 to 28, amidification of the C terminus, and amidated aspartate at position
3) are shown in red. (8) 1D 'H spectrum of ghrelin with GHSR and with
(green) or without (black) JMV5327. (C) '°N transverse relaxation rates (R)
of ghrelin backbone amides. Blue, apo GHSR (0.0015 GHSR:ghrelin molar ratio);
green, GHSR loaded with JMV5327 (0.0015 GHSR:ghrelin molar ratio); orange,
apo minus JMV5327-loaded difference; yellow, without GHSR. The dashed line
corresponds to the >N R, of nonacylated ghrelin V12 with GHSR (0.01 molar
ratio). The relaxation rate difference (in orange) is proportional to the bound
fraction and to the order parameter S?, which describes the amplitudes of NH
motions in the bound state. (D) >N R, of nonacylated ghrelin 1-18 backbone
amides with apo GHSR (light blue, 0.01 GHSR:ghrelin molar ratio; blue, 0.0015
molar ratio), without GHSR (yellow), and the difference in "N R, (apo receptor
at 0.01 GHSR:ghrelin molar ratio minus no receptor; orange).
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the absence of JMV5327 compared with signals from other resi-
dues, such as H9, V12, Q10, Q13, Q14, R11, and R15. Taken
together, these data clearly demonstrate the specific formation
of a hydrophobic core in the N-terminal part of ghrelin upon
receptor binding, while the C-terminal region of the peptide
encompassing residues from E8 to S18 remains flexible.

We then used trNOE experiments to determine the structure
of ghrelin bound to GHSR (14, 17-20). We conducted nuclear
Overhauser effect spectroscopy (NOESY) experiments at several
mixing times with the ghrelin samples in the presence of per-
deuterated GHSR and in the absence or presence of JIMV5327.
As was the case for ’N R, relaxation rates, 'H-'"H cross-
relaxation rates leading to NOEs were dominated by the con-
tributions of slow tumbling motion, reflecting the bound state
(14). We fit the evolution of the NOESY cross-peak integrals
with mixing time (build-up curves) using biexponential functions
using the isolated spin pair approximation (21) (SI Appendix, Fig.
S2). Interproton proximities in the bound state were distributed
throughout the peptide sequence, with a higher density in the
rigidified N-terminal part, where several medium-range NOE
contacts were observed (SI Appendix, Fig. S2). Importantly, we
observed several NOE contacts between the Cg chain terminal
methyl and the peptide chain, namely at S6 and H9. We used
distance restraints derived from the NOE build-up curves for
structure calculation by simulated annealing with AMBER14
(22) (SI Appendix, Table S1). We calculated an ensemble of 10
receptor-bound ghrelin structures that were in best agreement
with the experimental data (Fig. 34; Protein Data Bank ID code
6H3E) (23). The C terminus peptide comprising residues S18 to
R11 was disordered, while the peptide center from Q10 to S6
progressively adopted a more rigid structure. In the N-terminal
region, critical residues L5, F4, and the D3-linked Cg chain

Buipuig

m
[o+]
Buipuig

Cg-chain/D3
s2
G1

uoleAnoe
pue Buipuig

Fig. 3. Receptor-bound ghrelin structure. (A) Overlay of the 10 best GHSR-
bound ghrelin conformations. The Cg chains are shown in all-atom stick represen-
tation. The peptide sequence annotation summarizes structure-activity relation-
ship data from the literature. (B) All-atom stick representation of the N-terminal
region of the best ghrelin conformer. Only residues G1 to E8 are shown.
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Fig. 4. Map of the area of interaction of ghrelin with its receptor. STD am-
plification factors of ghrelin bound to GHSR, with Astp = (lp — lsat)/lo X [ghrelin]/
[GHSR] (24). This number indicates the efficiency of magnetization transfer
from the receptor to the peptide. It depends on the proximity of receptor and
peptide protons, as well as on the internal dynamics of the complex. The dif-
ference in amplification factors in the absence and presence of JMV5327 is
plotted here. Backbone amide protons and other protons signals were identi-
fied from 2D ">N-"H and 1D 'H STD experiments, respectively. An asterisk in-
dicates signals for which stereospecific assignment was not performed. Dashed
lines indicate the medium-intensity STD signal of S6 H; and the low-intensity
STD signal of Q14 Hy. The STD signal of G1-H, is similar to the STD signals of
S2-H, and S2-Hg; however, its amplification factor could not be measured pre-
cisely due to partial overlap with other signals in 1D proton spectra.

formed a well-defined hydrophobic core (Fig. 3B). In this en-
semble of structures, the Cg chain was aligned with the peptide
backbone, pointing toward its C terminus, and was surrounded
by the aromatic ring of F4 and the side chain of LS. Interestingly,
this ensemble explains the >N transverse relaxation rates; the
profile of relative order parameters calculated from '°N R, data
is in good agreement with that calculated using the ensemble of
NMR conformers (SI Appendix, Fig. S4). One exception is F4
NH, indicating some additional flexibility for this amide group. S2
and G1 remained more disordered than the peptide’s hydrophobic
core in the ensemble of structures. Although we could not mea-
sure N relaxation rates for S2, as its NH was in fast exchange
with water protons and thus not visible in the heteronuclear single
quantum coherence (HSQC) spectra, evidence for the relative
mobility of this residue came from the lack of intense NOEs and
from the saturation transfer difference (STD) profile.

Finally, we obtained a complementary picture of the interac-
tion of ghrelin with GHSR using STD epitope mapping experiments
(24, 25), with a protonated receptor sample. STD amplification
factors depend on both ligand-receptor contacts and ligand dy-
namics and thus provide an additional description of the ligand-
binding pattern (25). We measured STD in the absence and
presence of JMV5327 and analyzed the differences in STD am-
plification factors for signals spanning the whole peptide sequence
(Fig. 4). Specifically, protons within the hydrophobic core—i.e.,
D3-Hg, Cg chain methylenes and methyl, F4 aromatic ring, and L5
methyls—had the strongest STD signals, indicating spatial prox-
imity with GHSR protons and confirming their involvement in a
rigid domain. Consistent with the partial disorder of G1 and S2 in
the ensemble of NMR structures, we observed medium-strength
STD signals for G1-H,, S2-H,, and S2-H; protons. Overall, these
results confirm and extend STD data obtained with GHSR in
bicelles, where the residues S3 and F4 of ghrelin show strong STD
signals (26), indicative of a tight interaction with the receptor.

Ghrelin Binding Pathway. To further delineate the possible ghrelin-
binding pathway, we used a protocol previously validated with
other peptide-binding GPCRs (27). This protocol, termed CG-
REMD, combined a MARTINI coarse-grained (CG) force field
with replica exchange molecular dynamics (REMD)), starting from
free ghrelin in the water phase and GHSR embedded in a lipid
bilayer. Incorporating the full set of NMR restraints on the pep-
tide at this initial stage prevented ghrelin from entering its binding
pocket, possibly because it could not adopt the intermediate
conformations required for navigating its binding pathway. This

PNAS | August27,2019 | vol. 116 | no.35 | 17527
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implies that the conformational dynamics of ghrelin are essential
for GHSR binding. Thus, we considered only the restraints that
maintained the octanoyl group along the peptide main chain.
These restraints prevented insertion of the acyl chain into the
membrane that might limit ghrelin-GHSR interaction events (S/
Appendix, Fig. S5). At the end of the simulations, the ghrelin
conformations in contact with the receptor were clustered
according to their structural similarities (SI Appendix). Among the
10 most populated clusters, 8 were systematically found in each of
the 3 independent CG-REMD simulations that we carried out,
indicating a good convergence of sampling (SI Appendix, Fig. S6).
Thus, we considered only these 8 clusters (SI Appendix, Table S2
and Fig. S7). Ghrelin was in close contact with the orthosteric
pocket of the receptor in all but 1 of these 8 clusters (cluster 7), in
which the hydrophobic core was embedded into the membrane.
Among the remaining clusters, in only 1 (cluster 6) did ghrelin have
its N terminus oriented toward the bottom of the receptor-binding
pocket (SI Appendix, Fig. S7 and Movie S1), as expected based on
previous pharmacologic studies (11), with a conformation closely
resembling that of the NMR-derived ensemble of structures (Fig.
5A, purple curve). The conformation derived from this cluster was
the only one consistent with most of the NOE restraints selected
for CG modeling (SI Appendix, Figs. S8 and S9). The only excep-
tion to the NMR measurements involved F4, which was found to
be shifted away from D3 and L5 in the modeling.

To further refine the ligand-receptor model, we performed an
additional 30 ps of CG molecular dynamics (CG-MD) simula-
tions starting from cluster 6 and incorporating the full set of
NMR restraints. Over several nanoseconds, ghrelin explored a
restricted conformational space encompassing the whole set of
NMR conformers (Fig. 54, red curve) and a deeper position in
the receptor-binding pocket (Fig. 5B). This position could cor-
respond to the final bound state of ghrelin (“bound state”), and
thus cluster 6 could correspond to an intermediate site in the
binding pathway (“intermediate state™).

Importantly, in the bound state, ghrelin maintained a certain
degree of internal flexibility (Fig. 5C and Movie S2), in line with
the dynamic features identified by NMR. To better describe this
flexibility, we analyzed all possible interaction pairs between
ghrelin and GHSR in this state (Fig. 6 and SI Appendix, Table
S3). Despite its deep location in the receptor binding pocket, the G1
residue of ghrelin explored several interaction partners, in par-
ticular E124°3% (with the superscript indicating Ballesteros—
Weinstein numbering) (28) (Figs. 5B and 6), which has been

identified as a major interaction spot for the terminal amine of
ghrelin (29). Similarly, S2 showed different putative partners, in
agreement with the relative degree of flexibility shown by our NMR
data. The most stable peptide-receptor interactions involved
the hydrophobic core, consistent with its rigidification in the
GHSR-bound state. Finally, weaker interactions were found for
S6 and P7, and no stable interactions were found for any of
the other residues (E8, H9, Q10, R11, and V12), in agreement
with our NMR ensemble of structures and the profile of order
parameters.

Role of the Octanoyl Chain in Ghrelin Structure and Binding. Re-
moving the Cg chain induces a dramatic deterioration in ghrelin’s
potency and affinity for GHSR (9, 11, 12). In agreement with this
data, we found here that the nonacylated form of ghrelin 1-18
bound weakly to the purified receptor in nanodiscs (Fig. 14).
Absence of the octanoyl chain also impeded GHSR activation,
based on the absence of fluorescence changes of bimane at-
tached to the isolated receptor (Fig. 1E), the absence of any
GHSR-catalyzed GTPyS binding to Gay (Fig. 1B), and the very
limited IP1 production in GHSR-transfected HEK cells (Fig.
1F). Overall, these data indicate that nonacylated ghrelin 1-18
is likely unable to stabilize an active GHSR conformation, al-
though it can bind the receptor with a very low affinity (K; =
34.4 uM, vs. 115.3 nM for the acylated version) (Fig. 14).

To examine the possible effects of the acyl chain on the
structure of ghrelin that could be re 5ponsiblf: for these phar-
macologic features, we duplicated the °N R, measurements with
ghrehn 1-18 dev01d of the Cg chain. We found that >N R, values
in the presence of GHSR (0.0015 GHSR:ghrelin molar ratio, i.e.,
the ratio used with acylated ghrelin) were almost identical to those
of the peptide free in solution. Increasing the GHSR:ghrelin molar
ratio to 0.01 yielded a small increase in R, of ~1 Hz, compared
with the 40-Hz increase observed with acylated ghrelin at a 0.0015
molar ratio (Fig. 2D). The difference in N R, values between
samples in the absence and presence of GHSR exhibited a flat
profile from S3 to V12. These data indicate that nonacylated
ghrelin residues 3 to 12 remain largely disordered under our
experimental conditions even though the peptide should be
mostly bound to the receptor (>95%) at the concentration used
(1.37 mM for the sample with a 0.0015 GHSR:ghrelin molar
ratio, i.e., ~40 fold greater than the measured K; value). We also
recorded 2D 'H-'H NOESY spectra of nonacylated ghrelin with
mixing times of 100 and 300 ms in the presence of the receptor

Fig. 5. Conformation and flexibility of ghrelin
bound to GHSR. (A) Root mean square deviation
(RMSD) profiles of coarse-grained models from the
ensemble of NMR structures (black), the bound state
model (red), the intermediate state model (purple),
and all models in contact with GHSR from CG-REMD
simulations (blue). The RMSD is a measure of struc-
tural deviation from a reference structure, here the
NMR structure ensemble. (B) Probability densities of
the distance between the ghrelin N terminus and the

side chain bead of E124%32 in the different models.
(C) Root mean square fluctuation (RMSF) profile of
ghrelin backbone during restrained CG-MD simula-

tions. The RMSF shows the variability in position of
each residue along the trajectory (Movie S2). Con-
formations were aligned on the receptor pocket to
account for the global flexibility of ghrelin inside its
binding cavity. The SD inferred from the 2 CG-MD
simulations is shown as a transparent area around
the mean (red line). (D) Probability densities of the
distance between octanoylated and nonoctanoylated
ghrelin N termini and the side chain bead of E124%33,
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Densities are shown from 6.5 A to 15 A for clarity.
Complete density profiles are provided in S/ Appendix,
Fig. S11.
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Fig. 6. Interaction pattern between ghrelin and GHSR in the bound state
model. Ghrelin is represented as balls and sticks. The receptor backbone is
shown as a transparent white surface. The colors of the amino acids corre-
spond to their physical and chemical properties: cyan, octanoylated aspartate;
white, hydrophobic; green, polar; red, negatively charged; blue, positively
charged. The dashed colored lines represent the contacts between the re-
ceptor and the ghrelin along the 2 trajectories. Red contacts represent strong
persistent contacts, and orange contacts indicate transient and weaker con-
tacts. This qualitative determination of contact used distances from the center
of CG beads for all snapshots of the CG-MD trajectories.

g0.00lS and 0.01 GHSR:ghrelin molar ratio). Consistent with the
SN R, measurements, we did not observe any of the trNOEs
important for the structure of acylated ghrelin, particularly the
backbone “medium-range” (S3H,-L5SHN and S6H,-E8Hy) and
hydrophobic core (S3H,-F4H;, S3H,-F4H,, S3Hg-F4H;, F4HN-
L5Hs12, FAH,-L5Hs1 2, F4AHs-L5Hs1 2, FAH-L5H5:, FAH-L5SHNy,
and F4H.-L15H,) proton pairs (SI Appendix, Fig. S10). Overall,
these results highlight the essential role of the Cg chain in the for-
mation of the hydrophobic core of ghrelin and in the associated
rigidity of the central region of the peptide after receptor binding.
To further assess the possible origin of these effects, we ana-
lyzed the binding of nonacylated ghrelin to GHSR using the CG
modeling protocol described above. The conformations thus
obtained were more uniformly distributed than those obtained for
the acylated peptide (S Appendix, Table S2). Five of the 8 clusters
described for the octanoylated peptide were also observed with the
nonacylated peptide, but the latter was close to the receptor-
binding pocket in very few conformations (Fig. 5D and SI Appen-
dix, Fig. S11). In particular, cluster 6 (“intermediate state”) was
almost unpopulated (SI Appendix, Table S2). Overall, our simula-
tions reveal that the nonacylated peptide can explore positions at
the receptor surface common with acylated ghrelin, but the octanoyl
chain strongly facilitates access to deeper binding pockets.

Discussion

By integrating solution-state NMR spectroscopy data with ad-
vanced molecular modeling, we provide here a detailed de-
scription of the conformational features of ghrelin bound to
GHSR. The molecular picture obtained illustrates the complex
conformational space that GPCR peptide ligands explore when
navigating from their free state to their receptor-bound state.
Our data indicate a binding mode in which only the N-
terminal region of ghrelin becomes rigid through a direct in-
teraction with GHSR, with the formation of a well-defined

Ferré et al.

hydrophobic core composed of the octanoyl moiety, F4 and LS5, while
the C-terminal portion of the peptide remains highly disordered.
Interestingly, we observed the specific ordering of the N-terminal
region in CG modeling, despite starting from a ghrelin peptide in
solution with a minimal set of NMR-derived restraints. Associated
with the absence of any well-defined structure in the absence of
GHSR (30), this strongly indicates that rigidification of the N-
terminal region of ghrelin and formation of the hydrophobic core
are intimately associated with the binding process. This mode of
interaction is fully consistent with previous structure-activity re-
lationship studies. The specific rigidification of the N-terminal region
of ghrelin on binding to GHSR, as well as the receptor-ligand con-
tacts inferred from STD, correlate directly with the observation that
the first 5 residues of ghrelin are sufficient to bind and activate
GHSR (9-12). In the same way, the mobility in the C-terminal region
of ghrelin is consistent with studies that found no change in binding
affinity on deletion of residues 10 to 14 of ghrelin (9). Finally, the
partial disorder at S2 and lack of persistent interactions between this
residue and the receptor indicates that residues G1-S2 explore dif-
ferent positions relative to the hydrophobic core of ghrelin, which is
consistent with the proposed role of this 2-residue segment as a
spacer between the 2 important functional motifs of ghrelin, the
N-terminal amine and the hydrophobic core (9, 11). Ghrelin rigidity
after binding to its receptor was also proposed in the ghrelin-GHSR
model inferred from Rosetta modeling based on solid-state NMR
chemical shifts (26). However, this model proposed a helical con-
formation for residues 9 to 18 of ghrelin, while our results indicate
that this region is disordered. Helical propensity in this region was
also proposed in a model of membrane-associated ghrelin obtained
through a similar approach (30). Whether this difference arises from
the distinct lipid models used (bicelles vs. nanodiscs) or from the
experimental conditions (e.g., —30 °C for the solid-state NMR ex-
periments vs. buffered solution at 7 °C) is an open question.

Our combined NMR and CG modeling data with nonacylated
ghrelin highlight the paramount role of the octanoyl chain in ghrelin
structure and binding to GHSR. Specifically, the Cg chain appears to
be necessary for folding of the ghrelin hydrophobic motif. Moreover,
its presence is necessary for ghrelin to access its final orthosteric
binding site in GHSR, as well as for negotiating certain intermediate
positions within the transmembrane bundle. This strongly suggests
that the Cg chain acts as a dynamic, apolar structural hub that sta-
bilizes the peptide hormone in a specific receptor-bound conforma-
tion. Based on our data, we propose a multistep model for ghrelin
binding: initial interactions at the receptor surface occurs with and
without the octanoyl chain, while the latter is required for engaging
deeper binding sites. The role of the acyl chain in structuring a hy-
drophobic core rather than in mediating a highly specific receptor-
ligand interaction agrees with the observation that unspecific Cg
chain bulky hydrophobic substitutions preserve ghrelin binding and
activity (9, 11). The preference for an 8-carbon fatty acid most likely
arises from the acyl chain selectivity of the modifying enzyme (31). In
contrast, polar or charged modifications within the Cg chain are
strongly detrimental to both affinity and potency (9), likely because
they disturb the ghrelin hydrophobic core. Cg chain attachment to S6
also significantly affects the affinity and potency of the ghrelin pep-
tide (9). Our structure, in which the Cg chain interacts with the side
chains of F4 and L5 and points toward the peptide C terminus, in-
dicates that displacing the Cg chain toward the C-terminal end should
prevent its interaction with these side chains, which in turn should
inhibit formation of the hydrophobic core. Overall, this represents an
original mechanism to explain the crucial role of this unique modi-
fication of the ghrelin peptide on the binding process and energetics.

Our data not only provide a detailed description of the struc-
tural features of ghrelin bound to GHSR, but also illustrate an
interesting mechanism in which ligand conformational dynamics
could represent a central component in the binding of endogenous
peptide ligands to their GPCR. Our data also directly demonstrate
some degree of conformational and positional local dynamics of the
peptide even after it has reached its ligand-binding pocket. It is then
tempting to speculate that the degree of ligand dynamics in the
bound state is intricately linked to the conformational flexibility of
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the receptors themselves, which explore a complex conformational
landscape with multiple states (32-35). This would extend the con-
cept of conformational multiplicity of GPCRs to ligand-receptor
concerted dynamics, and even to a global picture of concerted dy-
namics within the full signaling complex (36), if one considers the
proposed conformational dynamics of G proteins associated with
their receptor (37-39). This dynamic picture of the interaction be-
tween GPCRs and conformationally labile ligands and its relation-
ship to signaling output requires relevant experimental strategies,
such as that used here, that can uncover these dynamics.

Materials and Methods

More details of the experimental methods are provided in S/ Appendix.

Receptor Production, Ligand Synthesis, and Labeling. Monomeric GHSR was
produced as described previously (7). All peptides were produced by solid-
phase peptide synthesis.

NMR Experiments. NMR data were acquired with the peptides and GHSR in
buffer containing 20 mM perdeuterated MES pH 6.5, 100 mM KCl, 100 uM
DSS, and 10% vol/vol 2H,0 at 280 K on a Bruker Avance Il HD 700 MHz
spectrometer ("H Larmor frequency). Experiments on GHSR-bound octa-
noylated ghrelin were carried out at a 0.0015 GHSR:ghrelin molar ratio. Each
experiment was performed with 2 independent receptor samples, apo- and
JMV5327-loaded GHSR, to remove nonspecific binding contributions.

NMR Data Analysis. '°N transverse relaxation rates (R,) were extracted by
monoexponential decay fitting from R, CPMG experiments. For each labeled
ghrelin amide group, the difference in R, (apo minus JMV5327-loaded
GHSR) is directly proportional to the receptor-bound order parameter S?
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