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Abstract 11 

Melanin-concentrating hormone (MCH) is a 19-amino-acid neuropeptide playing 12 
crucial roles in energy homeostasis, sleep, and various physiological processes. It acts 13 
through two G protein-coupled receptors, MCHR1 and MCHR2, with MCHR1 being 14 
universally present in mammals and a potential target for treating metabolic and mental 15 
health conditions. However, drug development efforts have been impeded by the lack 16 
of structural information. Here, we present the cryo-EM structures of MCHR1 in its 17 
active state complexed with MCH and Gi1, as well as in its inactive state bound to a 18 
selective antagonist SNAP-94847. Structural and mutagenesis analyses disclosed the 19 
recognition mechanisms for both MCH and SNAP-94847, the activation mechanism 20 
and antagonism of MCHR1, and the determinants of ligand specificity. These findings 21 
are expected to accelerate the development of better drugs targeting the MCH system. 22 

Introduction 23 

Melanin-concentrating hormone (MCH) was initially identified in salmon as a cyclic 24 
heptadecapeptide involved in the regulation of pigmentation1. However, mammalian 25 
MCH does not govern skin color but instead plays a crucial role in regulation of feeding 26 
behavior and energy homeostasis2-4. In rodents and humans, MCH is a neuropeptide 27 
expressed in hypothalamus and zona incerta5. Experiments using mouse models found 28 
that MCH expression is upregulated in fasting conditions, and administration of MCH 29 
stimulates food intake and promotes body weight gain6,7. MCH-knockout mice 30 
manifest reduced appetite, become emaciated, and exhibit increased energy expenditure 31 
and locomotor activity8. Additionally, MCH significantly influences sleep by 32 
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facilitating the occurrence of slow wave sleep (SWS) and rapid eye movement sleep 33 
(REMS) through inhibiting the wakefulness-inducing neurotransmitter system9, thus 34 
establishing its classification as a neurotransmitter involved in sleep regulation10. 35 
Furthermore, MCH exerts its influence on various behavioral and physiological 36 
functions such as reward processing, learning, olfaction, anxiety, and nociception11-13. 37 

Currently, two high-affinity receptors for MCH, MCHR1 and MCHR2, have been 38 
identified in human4. Both receptors belong to the G protein-coupled receptor (GPCR) 39 
superfamily, with MCHR1 being common to all mammals and well-characterized in 40 
terms of its role in physiological processes. MCHR1 is primarily expressed in the 41 
central nervous system14, but can also be expressed in brown adipose tissue15, and is 42 
coupled by Gi, Go, and Gq

16. The primary function of the MCH-MCHR1 system is in 43 
regulation of feeding behavior and energy homeostasis4. Studies have shown that 44 
knockout of MCHR1 in mice leads to a lean phenotype17, and naturally occurring 45 
MCHR1 mutations in humans have been found to disrupt MCHR1 signaling, resulting 46 
in underweight phenotypes18. Additionally, the MCH-MCHR1 system is involved in 47 
various neuronal functions, such as sleep, mood, and learning19-21. Administration of 48 
selective MCHR1 antagonists has been shown to induce antianxiety and antidepressant 49 
effects in rodents22-24, and MCHR1 knockout mice also display an antianxiety 50 
phenotype25. The MCH-MCHR1 system has also been implicated in regulating primary 51 
cilia growth and function26-28. MCHR1 is considered a potential therapeutic target for 52 
various diseases, including obesity, sleep disorders, anxiety disorders, schizophrenia, 53 
and Alzheimer’s disease29-32. Numerous MCHR1 antagonists, such as SNAP-7941, 54 
AMG-076, NGD-4715, AZD1979, SNAP-94847 and RGH-076, have been developed 55 
and some have shown therapeutic effects in clinical studies29,33. Given the complex role 56 
of MCHR1 in both physiological and pathological conditions, further research on the 57 
modes of interaction between MCHR1 and its activating or inhibiting ligands is of great 58 
importance. 59 

In this study, we present cryo-EM structures of the active-state MCHR1 in complex 60 
with MCH and Gi1 and the inactive-state MCHR1 bound to a high-affinity and highly 61 
selective antagonist SNAP-9484734. Through a combination of structural comparison 62 
and functional assays, we elucidate the recognition mechanisms of MCH and SNAP-63 
94847 by MCHR1 and unveil the activation mechanism and antagonism of MCHR1. 64 
These findings are expected to facilitate the discovery of better drugs targeting the 65 
MCH system. 66 

Results 67 

Structure of the MCH-MCHR1-Gi1 complex 68 

To acquire the MCH-MCHR1-Gi1 complex, we co-expressed human MCHR1 and the 69 
three subunits of Gi1 in Sf9 insect cells. A NanoBiT tethering strategy was applied to 70 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 12, 2024. ; https://doi.org/10.1101/2024.03.12.584619doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.12.584619


 

promote complex formation by increasing local concentration of G proteins35. 71 
Additionally, a single-chain Fab fragment (scFv16) was utilized to stabilize the 72 
complex36. The complex was purified in the presence of synthetic MCH peptide and 73 
subjected to cryo-EM analysis. The structure was determined in multiple states, of 74 
which the best reach the resolution of 2.61 Å (Fig. 1a, Extended Data Figs. 1 and 2, and 75 
Supplementary Table 1). These states are primarily distinguished by the relative 76 
orientation between MCHR1 and the Gi1 heterotrimer. Two states (T1 and T2) exhibit 77 
tighter receptor-G protein contact over the other two states (L1 and L2). The tight 78 
conformers accounts for 53.4% of the particles that passed the screening cycles, while 79 
the loose conformers accounts for the remaining 46.6% particles (Extended Data Fig. 80 
1b). Gi-coupling modes and the conformations of the Gα subunit are different in these 81 
structures. Specifically, the first intracellular loop (ICL1) of MCHR1 adopts distinct 82 
conformations in different states (Extended Data Fig. 2e). The tight conformers share a 83 
similar ICL1, which makes a close contact with Gi1 at the αN-Gβ interface (Extended 84 
Data Fig. 2f). In contrast, in the loose conformers, ICL1 only makes a loose contact 85 
with Gβ (Extended Data Fig. 2g). Moreover, when the structures are aligned by the 86 
receptor, with the carboxyl terminus of α5 helix almost fixed, we observed a sequential 87 
displacement of the αN helix, which undergoes a clockwise rotation from the L2 state 88 
to the T2 state (Extended Data Fig. 2h). Despite the differences, MCHR1 in all these 89 
conformations is in a typical fully active state. These subtle differences may reflect 90 
limited flexibility of the nucleotide-free GPCR-G protein complexes. 91 

Recognition of MCH by MCHR1 92 

Human MCH is a 19-amino-acid peptide cyclized by the disulfide bond between C7 93 
and C16 (Fig. 1b). Despite the conformational variations of the MCH-MCHR1-Gi1 94 
complexes, the binding pose of MCH in MCHR1 among different states remains the 95 
same (Extended Data Fig. 3a). The density from F2 to W17 is well-defined in the EM 96 
maps except for the side chain of W17 (Fig. 1c and Extended Data Fig. 2a-d). MCH 97 
binds in a large pocket formed by the extracellular side portions of the transmembrane 98 
helices (TMs) 2, 3, 5, 6, and 7, as well as extracellular loops (ECLs) 1, 2, and 3 (Fig. 99 
1d). Notably, ECL2 also forms a pair of antiparallel β-strands as observed in other 100 
peptide receptors. 101 

C7-C16 of MCH is cyclized and forms a short β-hairpin, which inserts into the central 102 
pocket formed by transmembrane helices (Fig. 1e). The most notable feature is that R11, 103 
which locates at the distal end of the β-hairpin, extends deeply into the pocket. The side 104 
chain of R11 is stabilized by hydrogen bonds with D1923.32 and Q1963.36 (superscripts 105 
represent Ballesteros-Weinstein nomenclature), as well as hydrophobic interactions 106 
with F1612.53, M1682.60, A1933.33, W3386.48, Y3416.51, I3667.39, and Y3707.43 (Fig. 1f). 107 
Mutations of D1923.32, Q1963.36, Y3416.51, I3667.39, and Y3707.43 into alanine 108 
dramatically impaired MCH-induced Gi dissociation in MCHR1-expressing HEK293T 109 
cells (Fig. 1j and Extended Data Fig. 3b), indicating the crucial roles of these residues 110 
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in MCHR1 activation. In addition, M1682.60A also mildly impaired MCHR1 activation 111 
(Extended Data Fig. 3c). On the N-terminal side of the β-hairpin, the backbone atoms 112 
of MCH forms hydrogen bonds with the sidechains of Q3456.55, Q3486.58, and Y3627.35 113 
(Fig. 1g). Mutation of Y3627.35 into alanine dramatically impaired MCH-induced Gi 114 
dissociation (Fig. 2k), while mutation of Q3456.55 exhibited a mild effect (Extended 115 
Data Fig. 3d). On the C-terminal side of the β-hairpin, Y13 interacts with the second β-116 
strand of ECL2 through backbone hydrogen bonds, while its sidechain also forms a 117 
hydrogen bond with the backbone carbonyl of Q1712.63 (Fig. 1h). In addition, residues 118 
on the first strand of ECL2 also establish contacts with MCH, with F256 acting like a 119 
wedge that prevents the release of MCH (Fig. 1h). MCH exhibited decreased potency 120 
to F256A mutant in Gi-dissociation assay (Fig. 1k). Unexpectedly, I254A mutation 121 
almost abolished MCH-induced Gi dissociation (Fig. 1k), possibly due to improper 122 
folding of ECL2. 123 

The N-terminus of MCH binds in a superficial sub-pocket mainly by interactions with 124 
extracellular loops of the receptor (Fig. 1i). The amino group of D1 forms a hydrogen 125 
bond with backbone carbonyl of G174ECL1. R6 forms a hydrogen bond with backbone 126 
carbonyl of G176ECL1 and a cation-π interaction with F256ECL2 (Fig. 1i). F2 and L5 are 127 
tightly packed with ECL1 and ECL3, respectively. It is noteworthy that MCH6-17 128 
exhibits reduced affinity with MCHR1 compared to full-length MCH37, indicating the 129 
role of the N-terminus in increasing the binding affinity. 130 

Gi coupling of MCHR1 131 

Resembling other GPCR-G protein complexes, the primary interface between MCHR1 132 
and Gi1 is also formed by the intracellular cavity of MCHR1 and the α5 helix of Gαi1. 133 
The C terminus of α5 helix inserts into a cavity formed by residues from TM3, ICL3 134 
and TM6, as well as P1472.39, Y2975.58, Y3807.53, and C3848.47 (Fig. 2a). Notably, 135 
R2103.50, A2133.53, R3196.29, and T3266.36 form polar interactions with residues of the 136 
α5 helix. ICL2 of MCHR1 forms an ordered short helix and makes a contact with the 137 
αN-α5 hydrophobic patch (Fig. 2b). Moreover, ICL3 of MCHR1 is mostly ordered in 138 
the structures. Together with the intracellular end of TM6, ICL3 forms an additional 139 
interface with Gα subunit at the β6 strand and the α4-β6 loop (Fig. 2c), where S315 and 140 
R319 forms polar interactions with E318 of Gα. 141 

Interactions between ICL1 and G protein were less observed previously. In the loose 142 
conformations of the MCH-MCHR1-Gi1 complex, ICL1 only makes a loose contact 143 
with the surface of Gβ (Fig. 2d). However, in the tight conformers, K139, L140, and 144 
C143 of ICL1 make close contacts with Gi1 at the αN-Gβ interface (Fig. 2e). 145 
Specifically, the sidechain of L140 inserts into the crevice between αN helix and Gβ. 146 
To investigate the role of ICL1 in MCHR1 activation, we introduced mutations at ICL1 147 
and measured MCH-induced Gi dissociation in MCHR1-expressing HEK293T cells. 148 
Among the three sites mutated, L140E and C143R had little effects, while K139E 149 
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dramatically impaired activity of MCHR1 (Fig. 2f and Extended Data Fig. 3b), 150 
suggesting a potential role of ICL1 in Gi activation. 151 

Structure of antagonist-bound MCHR1 152 

MCHR1 antagonists are potential drugs for metabolic and psychiatric diseases. To 153 
understand the antagonism of MCHR1, we tried to solve the structure of the inactive-154 
state MCHR1 bound to a selective antagonist SNAP-94847. To this end, we applied a 155 
previously described strategy38 to determine this structure by cryo-EM. We engineered 156 
the human MCHR1 by inserting mBRIL between TM5 and TM6 to replace the ICL3 in 157 
a rigid fashion and fused a K3 helix together with an ALFA tag to H8 of MCHR1. 158 
Besides, we introduced the following components, an anti-BRIL Fab (Fab1B3) for 159 
engaging mBRIL and a bivalent glue molecule containing anti-Fab and anti-ALFA 160 
nanobodies (NbFab and NbALFA) for conjugation of anti-BRIL Fab and H8-K3-ALFA. 161 
The engineered construct was purified in the presence of SNAP-94847 and incubated 162 
with Fab1B3 and the glue molecule in vitro to obtain the antagonist-bound MCHR1. 163 
Single-particle cryo-EM resulted in the three-dimensional reconstruction of SNAP-164 
94847-MCHR1 at 3.33 Å resolution (Fig. 3a and S1 state in Extended Data Fig. 4b). 165 
Another conformation with a lower resolution was also observed (S2 state in Extended 166 
Data Fig. 4b). Despite differences in overall conformation of the entire complex, the 167 
MCHR1 part remains almost the same in these two states (Extended Data Fig. 5a). 168 
Except for the flexible cellular loops, the cryo-EM map allowed unambiguous 169 
assignment of the majority of MCHR1 (Fig. 3b and Extended Data Fig. 4g). Additional 170 
density was observed inside the transmembrane helices and modeled as SNAP-94847 171 
(Fig. 3c). 172 

The overall structure of the inactive MCHR1 resembles that of the active MCHR1 173 
(Extended Data Fig. 5b). We observed the hallmark of GPCR inactive conformation in 174 
the SNAP-94847-MCHR1 structure, the inward movement of the intracellular end of 175 
TM6 (Extended Data Fig. 5b). This rearrangement triggers the closure of the 176 
cytoplasmic pocket to prevent receptor coupling with downstream effectors, leading to 177 
receptor inactivation. 178 

Antagonist binding of MCHR1 179 

The antagonist SNAP-94847 can be divided into three functional groups, a 4-(2-180 
methylphenyl)piperidine scaffold (R1), an isobutyramido group (R2), and a 4-(3,4-181 
difluorophenoxy)benzyl group (R3) (Fig. 3c). It binds into a hydrophobic pocket 182 
surrounded by TMs 1, 2, 3, 6, and 7 (Fig. 3d). Unlike the agonist MCH, the antagonist 183 
SNAP-94847 binds deeper within the 7TM domain and its R2 group extends inward by 184 
about 7.5 Å distance compared with R11 of MCH (Extended Data Fig. 5c). Specifically, 185 
the majority of the R1 group makes tight hydrophobic interactions with Q1963.36, 186 
F3346.44, W3386.48, Y3416.51, Y3426.52, and Y3707.43, whereas the quaternary amine 187 
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forms a strong ion-ion interaction with D1923.32 (Fig. 3e). The R2 group is buried in a 188 
compact sub-pocket deep inside the 7TM domain, composed of D1582.50, F1612.53, 189 
S1953.35, S1993.39, F3346.44, W3386.48, N3727.45, and S3737.46. The interaction is 190 
stabilized by a hydrogen bond between the carbonyl oxygen of the R3 group and 191 
W3386.48 (Fig. 3e). Besides, the R3 group of SNAP-94847 forms hydrophobic 192 
interactions with F1161.39, M1652.57, M1682.60, I1692.61, Y3627.35, I3667.39, and Y3707.43 193 
(Fig. 3e). 194 

Interaction sites are partially identical for SNAP-94847 and MCH, such as D1923.32, 195 
Q1963.36, Y3416.51, I3667.39, Y3707.43 (Fig. 1f and Fig. 3e). SNAP-94847 competitively 196 
interacts with these sites and block MCH binding. In addition, in mutagenesis studies, 197 
mutation of M1682.60 to alanine significantly reduced potency of SNAP-94847 (Fig. 3f 198 
and Extended Data Fig. 5d, e), suggesting a crucial role of M1682.60 in determining the 199 
binding affinity with antagonists. Unexpectedly, mutation of F1161.39 to alanine 200 
significantly increased potency of SNAP-94847. Mutation of the phenylalanine to 201 
alanine may contribute to better accommodation of the bulky 3,4-difluorophenoxy 202 
group. 203 

Activation mechanism of MCHR1 204 

This study presents the structures of the endogenous agonist-bound active and 205 
antagonist-bound inactive forms of MCHR1, offering insights into the mechanisms of 206 
receptor activation. The structures of the MCH-MCHR1-Gi1 complex and the SNAP-207 
94847-MCHR1 complex were superimposed, revealing significant differences in both 208 
the extracellular and intracellular regions. Binding of MCH prompts an inward shift at 209 
the extracellular ends of TMs 2, 3, and 4, as well as ECL2, resulting in contraction of 210 
the orthosteric ligand-binding pocket (Fig. 4a). On the intracellular side, there is a 211 
notable outward movement of TM6, which facilitates the coupling with G protein 212 
(Fig.4b). 213 

Upon activation, extensive interactions between MCH and MCHR1 drives a 214 
remarkable downward shift of the indole ring of W3386.48 (Fig. 4c). W3386.48 induces 215 
re-packing of T2003.40, L2033.43, P2895.50, F2905.51, F3346.44, F3356.45, and N3727.45, 216 
initiating the outward movement of TM6 at the cytoplasmic end (Fig. 4d). Notably, 217 
F3356.45 undergoes a drastic rotation from inside of the 7TM domain to the outside. 218 

MCHR1 has a conserved D3.49R3.50Y3.51 motif. However, in the inactive structure, 219 
R2103.50 is not locked by D2093.49 as observed in many inactive class A GPCR 220 
structures (Fig. 4e). In the active state, R2103.50 forms hydrogen bonds with Y2975.58 221 
and the backbone carbonyl of C351 from Gαi1, facilitating the adoption of the active 222 
conformation (Fig. 4e). Furthermore, D2093.49 of MCHR1 forms an ionic interaction 223 
with R22434.57 of ICL2 in both states, potentially contributing to the stabilization of 224 
ICL2 (Fig. 4f). 225 
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Discussion 226 

In this study, we identified different conformational states of the MCH-bound MCHR1-227 
Gi1 complex. Recently, two different conformational states of the acetylcholine-bound 228 
M2 muscarinic acetylcholine receptor (M2R)-GoA complex39 were also identified 229 
compared with the single state of M2R-GoA in complex with the more potent agonist 230 
iperoxo40. Structural comparison revealed that the orientation of Gα subunit differs in 231 
two states (S1 and S2) of the acetylcholine-M2R-GoA complex, with a smaller αN-α5 232 
angle in the S2 state than in the S1 state (Extended Data Fig. 6a). NMR studies on the 233 
conformational dynamics of M2R supported that iperoxo is more efficacious in 234 
stabilizing a uniform nucleotide-free M2R-GoA signaling complex than acetylcholine. 235 
Similarly, in our study, the tight conformers of MCHR1-Gi1 complex exhibit a smaller 236 
αN-α5 angle than the loose conformers (Extended Data Fig. 6b). The balance of 237 
different conformations is potentially associated with receptor activation by different 238 
agonists. 239 

MCHR2 is an additional functional MCH receptor in humans and may play a role in 240 
MCH-related physiological functions. Although it shares 37% sequence identity with 241 
MCHR1, it is not yet clear if MCHR2 utilizes the same ligand recognition mechanism. 242 
Alignment of 33 residues responsible for MCH recognition by MCHR1 has shed light 243 
on this matter. In MCHR2, 22 of these residues are similar to those in MCHR1 (Fig. 244 
5a). In addition, the non-conserved residues are predominantly located in peripheral 245 
areas and make fewer contacts with MCH (Fig. 5b). This suggests that the MCH-246 
binding mechanisms of the two receptors are relatively conserved. 247 

MCHR1 was first found as a somatostatin receptor-like receptor41. MCH and 248 
somatostatin are both cyclic peptides (Fig. 5c). The binding pocket of MCH in MCHR1 249 
also resembles that of SST-14 in SSTR242. At the bottom of the binding pocket, R11 of 250 
MCH overlaps well with K9 of SST-14, while W8 in SST-14 is replaced by a glycine 251 
(G10) in MCH (Fig. 5d). The surrounding residues are mostly similar except for a 252 
glutamine of MCHR1 at position 5.42, which is substituted by a threonine in SSTR2 253 
for accommodation of the bulky sidechain of W8 (Fig. 5e). However, the top portion of 254 
MCH exhibits distinct conformation from SST-14 and binds in a less conserved region 255 
(Fig. 5d), which further contributes to ligand specificity. These findings are consistent 256 
with the notion that MCHR1 is a specific receptor for MCH that cannot be activated by 257 
SST-1443. 258 

Many antagonists of MCHR1 have a common 4-arylpiperidine scaffold, which is also 259 
present in SNAP-94847. In this study, we revealed the specific binding mode of this 260 
molecular feature in MCHR1. The quaternary amine in MCHR1 antagonists is 261 
anchored by D1923.32. The methylphenyl group connected at the C4 position of the 262 
piperidine group tightly packs with W6.48 of MCHR1, effectively blocking MCHR1 263 
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activation. Docking analysis using the inactive structure suggests that a range of 264 
antagonists may share a common mechanism of action (Extended Data Fig. 7). 265 

Our study offers a structural basis for the understanding of previous structure-activity 266 
relationship (SAR) studies34,44. It was found that unproper substitution on the aryl group 267 
of the 4-arylpiperidine scaffold may lead to weakened affinity34. From our structure, an 268 
apparent explanation is that the current 6-methyl group form optimal hydrophobic 269 
interactions with Y3416.51 and Y3426.52, while a 4-methyl group may sterically clash 270 
with F3346.44. However, 4,6-diF substitution on this group seems also acceptable for 271 
affinity as exemplified by SNAP-10273944. In addition, the isopropyl group at the 272 
anilide position was reported to dramatically increase the affinity for MCHR134. From 273 
the structure, this is perhaps because an isopropyl group is preferred by the small sub-274 
pocket inside the 7TM domain of MCHR1. In the R3 group part, 4-aryloxybenzyl 275 
analogues are better than 3-aryloxybenzyl34, which can be explained by an optimal 276 
steric match with the pocket that accommodates the R3 group. Moreover, small 277 
electron-withdrawing groups at the end of the N-alkyl part showed favorable MCHR1 278 
affinities34 possibly through interaction with F1161.39. These collective effects make 279 
SNAP-94847 a high-affinity antagonist of MCHR1. This understanding provides 280 
unprecedented opportunities for rational design of better anti-MCHR1 drugs. 281 

Despite the apparent homology between MCHR1 and MCHR2, antagonists inhibit 282 
these two receptors differentially. SNAP-7941, an antagonist of MCHR1 with the 4-283 
arylpiperidine scaffold, demonstrates remarkable selectivity for MCHR1 over 284 
MCHR222. Through sequence alignment of SNAP-94847-binding sites, we identified 285 
several non-conserved sites between the two receptors. Notably, the residue at position 286 
6.48, a tryptophan in MCHR1 that is crucial for interaction with the 4-arylpiperidine 287 
scaffold, is replaced by an alanine in MCHR2 (Fig. 5f). This substitution, along with 288 
other variations, likely contributes to the selectivity of SNAP-7941 for MCHR1. 289 

In contrast, when aligning the SNAP-94847-interacting residues in MCHR1 with their 290 
counterparts in SSTR2, we found that the residues are largely conserved (Fig. 5f), 291 
raising the question of why there are no SNAP-94847-like antagonists for SSTR2. The 292 
inactive structure of SSTR2 in complex with a peptide antagonist was also reported 293 
recently42, enabling the analysis of antagonist selectivity. From structural comparison, 294 
we reasoned that the binding of the 4-arylpiperidine group of SNAP-94847 in SSTR2 295 
is potentially hindered by T301 at position 7.42, where G3697.42 in MCHR1 facilitates 296 
the necessary conformational change of W6.48 for antagonist binding (Fig. 5g). Besides, 297 
although resembling S3.35 in MCHR1, N3.35 in SSTR2 could potentially clash with the 298 
R2 group of SNAP-94847, further influencing ligand selectivity (Fig. 5g). 299 

In summary, our study reveals the molecular basis for hormone and small-molecule 300 
antagonist recognition, activation, and G protein coupling of the melanin-concentrating 301 
hormone receptor MCHR1. These findings provide insights into MCHR1 signaling and 302 
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antagonism, as well as determinants of ligand selectivity, laying the groundwork for the 303 
development of next-generation MCHR1-targeted drugs. 304 

Materials and Methods 305 

Construct generation 306 

For structure determination of the MCH-MCHR1-Gi1 complex, the wild-type human 307 
melanin-concentrating hormone receptor 1 (MCHR1) with a truncated C-terminus (the 308 
last 26 amino acids were truncated) was synthesized and constructed into a modified 309 
pFastBac1 vector containing a bovine prolactin signal peptide followed by a FLAG tag 310 
and an 8× His tag at the N-terminus for purification. To facilitate protein expression, 311 
MCHR1 was fused with an N-terminal fragment of β2AR (BN). A NanoBiT strategy 312 
was applied as previously described35. An LgBiT subunit was fused with a 17-amino-313 
acid linker (HMGSSGGGGSGGGGSSG) at the C-terminus of the receptor. Human 314 
Gαi1 with four dominant-negative mutations (DNGαi1)45, S47N, G203A, E245A, and 315 
A326S, was cloned into the pFastBac1 vector. Human Gβ1 with an N-terminal 6× His 316 
tag and a C-terminal HiBiT subunit connected by a 15-amino-acid linker 317 
(GSSGGGGSGGGGSSG), and human Gγ2 were cloned into the pFastBac-Dual vector. 318 
Coding sequence of the antibody fragment scFv16 with a GP67 signal peptide at the N-319 
terminus and a TEV cleavage site followed by an 8× His tag at the C-terminus was 320 
constructed into the pFastBac1 vector. 321 

For structure determination of the antagonist-bond MCHR1, a previously described 322 
strategy was applied38. To fuse mBRIL to MCHR1 in a rigid fashion, the active-state 323 
structure of MCHR1 was aligned with the previous β2AR-mBRIL construct. 324 
Appropriate residues were introduced or deleted to obtain a continuous helix for TM5 325 
and TM6. After determining the junction sequences, AlphaFold was used again to 326 
predict the resulting sequence to confirm whether a rigid fusion was formed. For the 327 
H8 fusion, a similar strategy was used and the coding sequence was constructed into 328 
the pFastBac1 vector. For Fab1B3 and the 4-9 glue molecule, the coding sequences 329 
were cloned into the pET-22b(+) vector with an N-terminal pelB signal peptide and a 330 
C-terminal 6×His tag. 331 

For functional assays, wild-type MCHR1 was cloned into the pcDNA3.1(+) vector 332 
before mutations were introduced individually. All constructs were verified by DNA 333 
sequencing. 334 

Protein purification 335 

Expression and purification of scFv16 were conducted as previously described36. 336 
Briefly, scFv16 was expressed in Tni (HiFive) insect cells and purified by Ni resin. The 337 
C-terminal His tag was removed by TEV protease. Proteins were loaded onto a 338 
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Superdex 200 Increase 100/300 GL column (GE Healthcare) and the correct fractions 339 
were pooled, concentrated, flash-frozen and stored at -80 ℃ before use. 340 

For MCH-MCHR1-Gi1 complex, MCHR1, DNGαi1, Gβ1, and Gγ2 were co-expressed 341 
in Sf9 insect cells using the Bac-to-Bac system (Invitrogen). Cells were infected with 342 
three types of viruses encoding MCHR1, DNGαi1, Gβ1γ2 at the ratio of 3:2:2 at the 343 
density of 2.5 × 106 cells/mL and cultured at 27 ℃ for 48 h. Cells were collected by 344 
centrifugation, flash-frozen and stored at -80 ℃ before use. For the purification of 345 
MCHR1-Gi1 complex, cell pellets were thawed in lysis buffer containing 20 mM 346 
HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl2, 5 mM CaCl2, 2.5 μg/mL leupeptin, 300 347 
μg/mL benzamidine, 25 mU/mL Apyrase (New England Biolabs), and 100 μM TCEP 348 
at room temperature for 2 h. For MCH-bound complex, MCH peptide (synthesized by 349 
Sangon Biotech) was added into the lysis buffer at the final concentration of 2 μM and 350 
kept at 1 μM in all the following steps. After centrifugation at 30,700 g for 30 min, the 351 
cell membranes were resuspended and solubilized in buffer containing 20 mM HEPES 352 
pH 7.5, 100 mM NaCl, 0.5% (w/v) lauryl maltose neopentylglycol (LMNG, Anatrace), 353 
0.1% (w/v) cholesteryl hemisuccinate (CHS, Anatrace), 10% (v/v) glycerol, 10 mM 354 
MgCl2, 5 mM CaCl2, 12.5 mU/mL Apyrase, 2.5 μg/mL leupeptin, 300 μg/mL 355 
benzamidine, and 100 μM TCEP for 2 h at 4 ℃. The supernatant was collected by 356 
centrifugation at 38,900 g for 45 min and then incubated with Ni resin at 4 ℃ for 2 h. 357 
After loaded onto a gravity column, the resin was washed with 20 column volumes of 358 
washing buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 0.05% (w/v) LMNG, 359 
0.01% (w/v) CHS, 2.5 μg/mL leupeptin, 300 μg/mL benzamidine, 100 μM TCEP, and 360 
20 mM imidazole. Proteins were eluted with the same buffer plus 400 mM imidazole. 361 
The eluate was supplemented with 2 mM CaCl2 before incubated with anti-FLAG M1 362 
antibody resin overnight at 4 ℃. The FLAG antibody resin was washed with 10 column 363 
volumes of washing buffer plus 2 mM CaCl2. The complex was eluted with same buffer 364 
containing 5 mM EDTA and 200 μg/mL FLAG peptide. Purified scFv16 was added to 365 
the eluate at a 1.3:1 molar ratio. Finally, the complex was purified by a Superdex 200 366 
10/300 column (GE Healthcare) equilibrated with buffer containing 20 mM HEPES pH 367 
7.5, 100 mM NaCl, 0.00075% (w/v) LMNG, 0.00025% (w/v) GDN, 0.00015% (w/v) 368 
CHS, and 100 μM TCEP. The peak fractions containing monomeric complexes were 369 
pooled and concentrated for EM studies. 370 

For Fab1B3 and the glue molecule, the plasmids were transformed into E.coli BL21 371 
(DE3) cells, and cells were grown at 37 ℃ in LB medium supplemented with 50 μg/mL 372 
ampicillin. Cells were induced by the addition of 1 mM IPTG and incubated for 24 h at 373 
16 ℃. Cells were collected and disrupted in buffer containing 20 mM HEPES pH 7.5 374 
and 150 mM NaCl. Both Fab1B3 and the glue molecule were purified by Ni-affinity 375 
chromatography. Unwanted proteins were removed with wash buffer (20 mM HEPES 376 
pH 7.5, 150 mM NaCl, and 20 mM imidazole), and the target protein was eluted with 377 
wash buffer supplemented with 300 mM imidazole. The eluate was concentrated to 20 378 
mg/ml using a 10 kDa molecular weight cutoff concentrator (Millipore) for the 379 
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assembly of complexes. 380 

For antagonist-bond MCHR1, the chimeric MCHR1-mBRIL was expressed in Sf9 381 
insect cells using the Bac-to-Bac system. Cells were infected with virus encoding 382 
MCHR1-mBRIL at the density of 2.5 × 106 cells/mL and cultured at 27 ℃ for 48 h. 383 
Cells were collected by centrifugation, flash-frozen and stored at -80 ℃ before use. 384 
Cell pellets were thawed in lysis buffer containing 10 mM HEPES pH 7.5, 0.5mM 385 
EDTA, 2.5 μg/mL leupeptin, 150 μg/mL benzamidine at room temperature for 2 h. 386 
SNAP-94847 (MedChemExpress) was added into the lysis buffer at the final 387 
concentration of 1 μM and kept at 1 μM in all the following steps. Then, excess purified 388 
Fab1B3 and the glue molecule were added. After centrifugation at 30,700 g for 30 min, 389 
the cell membranes were resuspended and solubilized in buffer containing 20 mM 390 
HEPES pH 7.5, 100 mM NaCl, 1% (w/v) LMNG, 0.2% (w/v) CHS, 10% (v/v) glycerol, 391 
2.5 μg/mL leupeptin, 300 μg/mL benzamidine, and 100 μM TCEP for 2 h at 4 ℃. The 392 
supernatant was collected by centrifugation at 38,900 g for 60 min and then incubated 393 
with Ni resin at 4 ℃ for 2 h. After loaded onto a gravity column, the resin was washed 394 
with 20 column volumes of washing buffer containing 20 mM HEPES pH 7.5, 150 mM 395 
NaCl, 0.05% (w/v) LMNG, 0.01% (w/v) CHS, 2.5 μg/mL leupeptin, 300 μg/mL 396 
benzamidine, 100 μM TCEP, and 20 mM imidazole. Proteins were eluted with the same 397 
buffer plus 400 mM imidazole. The eluate was supplemented with 5 mM CaCl2 before 398 
incubated with anti-FLAG M1 antibody resin overnight at 4 ℃. The resin was washed 399 
with 10 column volumes of washing buffer plus 2 mM CaCl2. The complex was eluted 400 
with same buffer containing 5 mM EDTA and 200 μg/mL FLAG peptide. Finally, the 401 
complex was purified by a Superdex 200 10/300 column equilibrated with buffer 402 
containing 20 mM HEPES pH 7.5, 150 mM NaCl, 0.00075% (w/v) LMNG, 0.00025% 403 
(w/v) GDN, 0.00015% (w/v) CHS, and 100 μM TCEP. The peak fractions containing 404 
monomeric complexes were pooled and concentrated for EM studies. 405 

Cryo-EM sample preparation and data acquisition 406 

An aliquot of 3 μL MCH-MCHR1-Gi1 complex at the concentration of 5 mg/mL or 3 407 
μL SNAP-94847-bound MCHR1-mBRIL-Fab1B3-Glue complex at the concentration 408 
of 3 mg/mL was applied to a glow-discharged holey Ni-Ti alloy grid (ANTcryo, M01, 409 
Au300 R1.2/1.3). The grid was blotted and frozen in liquid ethane using Vitrobot Mark 410 
IV (Thermo Fischer Scientific). The grids were imaged on a 300 kV Titan Krios electron 411 
microscope (Thermo Fischer Scientific) equipped with Gatan K3 Summit direct 412 
electron detector and an energy filter. Data were collected at the magnification of 413 
81,000× at a pixel size of 0.535 Å in super-resolution mode using the EPU software. 414 
Image stacks were recorded in 32 frames at a total dose of 55 e-/Å2 with the defocus 415 
range from -2.2 to -1.2 μm. A total of 4,901 movies for MCH-MCHR1-Gi1 complex 416 
and 5713 movies for SNAP-94847-bound MCHR1-mBRIL-Fab1B3-Glue complex 417 
were collected. 418 
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Cryo-EM data processing 419 

For MCH-MCHR1-Gi1 complex, 4,901 movies were subjected to CryoSPARC46 and 420 
processed with Patch motion correction and Patch CTF estimation. Exposures with 421 
tolerable CTF fit resolution and total motion distance were selected for further 422 
processing. Blob picker was used to pick particles from a small subset of micrographs 423 
for creation of 2D templates. Particles were picked from the whole dataset by Template 424 
picker using these 2D templates. After 2D classification, six 3D classes were generated 425 
by Ab-initio Reconstruction. Particles from 4 classes were further classified by 426 
Heterogeneous Refinement. Then two classes with acceptable quality were pooled and 427 
re-classified into 6 classes using Ab-initio Reconstruction and Heterogeneous 428 
Refinement. Four classes with 871,951, 771,833, 588,396, and 500,329 particles were 429 
individually processed by Non-uniform Refinement47 and improved by Local 430 
Refinement with a customized global mask. The final maps reach the nominal 431 
resolution of 2.61 Å, 2.65 Å, 2.78 Å, and 2.81 Å at a Fourier shell correlation (FSC) 432 
threshold of 0.143. Estimation of local resolution and local filtering of the maps were 433 
performed in CryoSPARC. 434 

For SNAP-94847-MCHR1-mBRIL complex, 5713 movies were subjected to 435 
CryoSPARC and processed with MotionCor2 and CTFFIND4. Exposures with 436 
tolerable CTF fit resolution and total motion distance were selected for further 437 
processing. Blob picker was used to pick particles from a small subset of micrographs 438 
for creation of 2D templates. Particles were picked from the whole dataset by Template 439 
picker using these 2D templates. After 2D classification, four 3D classes were generated 440 
by Ab-initio Reconstruction. Then all particles were classified into these four classes 441 
by Heterogeneous Refinement. Three classes with acceptable quality were pooled and 442 
re-classified into 4 classes using Ab-initio Reconstruction and Heterogeneous 443 
Refinement. Two classes with 305,549 and 268,193 particles were individually 444 
processed by Non-uniform Refinement. The final maps reached the nominal resolution 445 
of 3.33 Å and 3.43 Å at a Fourier shell correlation (FSC) threshold of 0.143. Estimation 446 
of local resolution of the maps were performed in CryoSPARC. 447 

Model building and validation 448 

For MCH-MCHR1-Gi1-scFv16 complex, the initial model of MCHR1 was generated 449 
by Alphafold48. Coordinates of Gi1-scFv16 was derived from the μOR-Gi1 complex 450 
(PDB ID: 6DDE). MCH was manually built in Coot according to the density. 451 

For SNAP-94847-MCHR1-mBRIL-Fab1B3-Glue complex, the initial model of 452 
MCHR1-mBRIL was also generated by Alphafold. Coordinates of mBRIL and Fab1B3 453 
was derived from the crystal structure of BRIL in complex with Fab1B3 (PDB ID: 454 
8J7E). Coordinates of E3 and K3 helices were derived from the structure of the E3/K3 455 
coiled-coil (PDB ID: 1U0I). Coordinates of NbFab were derived from an NbFab-456 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 12, 2024. ; https://doi.org/10.1101/2024.03.12.584619doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.12.584619


 

contained cryo-EM structure (PDB ID: 7PHP). Coordinates of ALFA tag and NbALFA 457 
were derived from the crystal structure of NbALFA bound to ALFA tag peptide (PDB 458 
ID: 6I2G). Coordinates and geometry restrains of SNAP-94847 were generated using 459 
eLBOW in Phenix. 460 

The models were fitted into the EM map and combined using UCSF Chimera49. Then 461 
the model was corrected by manual adjustment in Coot50 and refined by Real-space 462 
refinement in Phenix51. Model statistics were calculated by MolProbity52 and provided 463 
in Supplementary Table 1. 464 

G protein-dissociation assay 465 

Function of wild-type and mutant MCHR1 was measured using the TRUPATH 466 
biosensors as previously described53. HEK293T cells were distributed into six-well 467 
plates at a density of 1.2 × 106 cells per well and incubated for 8 h at 37 ℃. A plasmid 468 
mixture of 0.5 μg wild-type or mutant MCHR1, 0.5 μg Gαi1-RLuc8, 0.5 μg Gβ3, 0.5 μg 469 
GFP2-Gγ9 was co-transfected into HEK293T cells using Lipofectamine 3000 (Thermo 470 
Fisher Scientific). After 40 h, cells were harvested, washed with HBSS (Hank’s 471 
Balanced Salt Solution), and resuspended in 800 μL BRET buffer (HBSS supplemented 472 
with 25 mM HEPES pH 7.4 and 0.1% BSA). Cells were divided into white-wall white-473 
bottom 96-well plates at the density of 100,000 cells per well. Then the luciferase 474 
substrate coelenterazine 400a at 5 μM working concentration was added and the plates 475 
were incubated at room temperature for 5 minutes. Cells were stimulated with MCH at 476 
different final concentrations before the plates were incubated for another 5 minutes at 477 
room temperature. The BRET signal was recorded by SpectraMax iD5 (Molecular 478 
Devices) and calculated as the ratio of light emission at 515 nm (GFP2)/410  nm 479 
(RLuc8). Data were baseline-corrected with the ligand-free control and curves were 480 
calculated by a three-parameter logistic function. Data from three independent 481 
experiments were used for analysis. 482 

To measure the activity of antagonist SNAP-94847, we carried out the same procedures 483 
as those for MCHR1-mediated Gαi1 dissociation from Gβ1γ2, except that HEK293T 484 
cells were pre-treated with different concentrations of SNAP-94847 dissolved in assay 485 
buffer from 10−11 M to 10−4 M and incubated for 10 min. After that, 10 μM MCH were 486 
added to the wells and incubated for 5 min. The BRET signal was recorded by 487 
SpectraMax iD5 (Molecular Devices) and calculated as the ratio of light emission at 488 
515 nm (GFP2)/410 nm (RLuc8). Data were baseline-corrected with the antagonist-free 489 
control and curves were calculated by a three-parameter logistic function. Data from 490 
three independent experiments were used for analysis. 491 

Cell-surface expression analysis 492 

Cell-surface expression of wild-type MCHR1 and mutants was measured by a 493 
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fluorescence-activated cell sorting (FACS) assay. HEK293T cells were seeded in 24-494 
well plates at the density of 2 × 105 cells per well before transfected with 0.5 μg plasmid 495 
encoding FLAG-tagged wild-type MCHR1 or mutants using Lipofectamine 3000. After 496 
42 h, cells were collected and resuspended in HBSS. 20 μL cells were incubated with 497 
20 μL anti-FLAG M2-FITC antibody (Sigma Aldrich) diluted in TBS buffer containing 498 
20 mM Tris pH 7.5, 150 mM NaCl, and 4% (w/v) BSA at 4 ℃ for 20 min. 160 μL 499 
HBSS buffer supplemented with 5 mM HEPES pH 7.4 was added after incubation. The 500 
fluorescence was measured on CytoFLEX (Beckman). The gate was set by FSC/SSC 501 
thresholds to define single cells. Surface expression level was evaluated by mean 502 
fluorescence intensity and normalized to the mock and wild-type group. Data from three 503 
independent experiments were used for analysis. 504 

Molecular docking 505 

To investigate the binding modes of other antagonists of MCHR1, we performed 506 
molecular docking studies using AutoDock Vina54. MCHR1 from the cryo-EM 507 
structure of SNAP-94847-MCHR1 was used as the receptor. Coordinates of different 508 
antagonists were downloaded from PubChem. Coordinates of the receptor and the 509 
ligands were processed by AutoDockTools using default settings. The docking box was 510 
a 15~18 Å cube centered on SNAP-94847 in the cryo-EM structure. No flexible 511 
residues of the receptor were defined. Binding poses were selected according to binding 512 
energy and visual inspection. 513 

  514 
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Fig. 1 | Cryo-EM structure of the MCH-MCHR1-Gi1 complex. a, EM map and model of MCH-
MCHR1-Gi1 complex in T1 state. b, Sequence of human MCH. c, Density map of MCH in T1 state. 
d, Extracellular view of MCH-MCHR1-Gi1 complex in T1 state. e, The β-hairpin of MCH and the 
binding pocket. f, Interactions between R11 and MCHR1. The hydrogen bonds are depicted as black 
dashed lines. g, Interactions between the N-terminal fragment of the β-hairpin and MCHR1. h, 
Interactions between the C-terminal fragment of the β-hairpin and MCHR1. i, Interactions between 
the N-terminus of MCH and MCHR1. The cation-π interaction between R6 and F256 is depicted as 
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a red dashed line. j-k, Gi-dissociation curves of MCHR1 mutants. Data are shown as means ± SEM 
from three independent experiments. 
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Fig. 2 | Gi coupling of MCHR1. a, Interactions between MCHR1 and the α5 helix of Gαi1. The 
hydrogen bonds are depicted as black dashed lines. b, Interactions between ICL2 of MCHR1 and 
the αN-α5 hydrophobic patch. c, Interactions between ICL3 of MCHR1 and Gαi1. d, The contact 
between ICL1 and Gi1 in the loose states. e, The contact between ICL1 and Gi1 in the tight states. f, 
Effects of ICL1 mutations determined by Gi-dissociation assay. Data are shown as means ± SEM 
from three independent experiments. 
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Fig. 3 | Cryo-EM structure of antagonist-bound MCHR1. a, Cryo-EM map of antagonist-bound 
MCHR1 in the S1 state. b, Model of antagonist-bound MCHR1. SNAP-94847 is shown as green 
sticks. c, Density map and molecular structure of SNAP-94847. d, Top view of the structure. e, 
Interactions between SNAP-94847 and MCHR1. The ionic interactions and hydrogen bonds are 
depicted as black dashed lines. f, Gi-dissociation assay results of MCHR1 mutants in response to 
SNAP-94847. ∆pEC50 of each mutant is compared to WT using one-way ANOVA with Dunnett’s 
multiple comparisons. **P < 0.01, ***P < 0.001. NS, no significant difference. 
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Fig. 4 | Activation of MCHR1. a, Superposition of active MCHR1 (T1 state) and inactive MCHR1 
(S1 state) in the extracellular view. Transmembrane helices (TMs) are shown as cylinders. The 
movement of TMs are indicated by red arrows. b, Intracellular view of the superposed structures. c, 
Comparison of the ligand-binding pocket. d, Rearrangement of hydrophobic packing. e, 
Comparison of the DRY motif. f, Association between D3.49 and ICL2. The ionic interactions and 
hydrogen bonds are depicted as black dashed lines. 
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Fig. 5 | Ligand selectivity of MCHR1. a, Sequence alignment of MCH-binding sites in MCHR1 
and MCHR2. b, Conserved and non-conserved MCH-binding sites in MCHR1 and MCHR2. MCH 
in the MCH-MCHR1-Gi1 structure (T1 state) is shown as transparent surface of its atomic model. 
Residues at conserved sites and non-conserved sites are colored magenta and cyan, respectively. c, 
Sequence alignment of human MCH and SST-14. d, Superposition of MCH-MCHR1 (T1 state) and 
SST-14-bound SSTR1 (PDB ID: 7XMR). e, Comparison of the bottom sub-pocket in MCHR1 and 
SSTR2. f, Sequence alignment of SNAP-94847-binding sites in MCHR1, MCHR2, and SSTR2. g, 
Superposition of SNAP-94847-bound MCHR1 and antagonist-bound SSTR2 (PDB ID: 7XNA). 
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