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Ligand recognition and allosteric modulation 
of the human MRGPRX1 receptor

Yongfeng Liu    1,2,7, Can Cao    1,7, Xi-Ping Huang1,2, Ryan H. Gumpper1, 
Moira M. Rachman3, Sheng-Luen Shih    1,2, Brian E. Krumm    1, 
Shicheng Zhang    1, Brian K. Shoichet    3, Jonathan F. Fay    4,6   and 
Bryan L. Roth    1,2,5 

The human MAS-related G protein–coupled receptor X1 (MRGPRX1) is 
preferentially expressed in the small-diameter primary sensory neurons and 
involved in the mediation of nociception and pruritus. Central activation 
of MRGPRX1 by the endogenous opioid peptide fragment BAM8-22 and its 
positive allosteric modulator ML382 has been shown to effectively inhibit 
persistent pain, making MRGPRX1 a promising target for non-opioid 
pain treatment. However, the activation mechanism of MRGPRX1 is still 
largely unknown. Here we report three high-resolution cryogenic electron 
microscopy structures of MRGPRX1–Gαq in complex with BAM8-22 alone, 
with BAM8-22 and ML382 simultaneously as well as with a synthetic agonist 
compound-16. These structures reveal the agonist binding mode for 
MRGPRX1 and illuminate the structural requirements for positive allosteric 
modulation. Collectively, our findings provide a molecular understanding 
of the activation and allosteric modulation of the MRGPRX1 receptor, which 
could facilitate the structure-based design of non-opioid pain-relieving drugs.

Itch and pain are generally recognized as two distinct and frequently 
unpleasant sensations1,2 that markedly affect quality of life3. Typi-
cally, the sensation of itch evokes scratching, whereas pain stimuli 
elicit withdrawal4. Although their behavioral responses are differ-
ent, the sensations of itch and pain share overlapping mediators and 
receptors5. For example, many membrane proteins that have been 
implicated in the mediation of itch transduction, including histamine 
receptors6, Mas-related G protein–coupled receptors (MRGPRs)7, 
protease-activated receptors (PARs)8 and ion channels9, also play key 
roles in the pain signaling pathway.

MRGPRs represent a subset of G protein–coupled receptors 
(GPCRs) comprising more than 50 members in human and rodents10. 
Among these, MRGPRX1 has gained increasing interest because of its 
emerging roles in the regulation of both pruritus and chronic pain11,12. 

The activation of MRGPRX1 has dual roles: the peripheral activation 
of MRGPRX1 elicits itch, and its central activation may dampen pain12. 
A variety of endogenous enkephalin fragments, including bovine 
adrenal medulla (BAM) peptide 8-22, have been shown to activate 
MRGPRX1 via the Gαq/11 signaling pathway13. A positive allosteric 
modulator (PAM), ML382, has been reported to further enhance 
the activation of MRGPRX1 by BAM8-22 at the central terminals to 
prevent pain signals passing to spinal cord neurons, thus effectively 
attenuating spinal nociceptive transmission12,14. Moreover, MRGPRX1 
expression is largely restricted to the sensory neurons of dorsal root 
ganglion13,15, which makes it a potentially ideal non-opioid pain tar-
get that may avoid the addiction and respiratory depression adverse 
effects caused by the activation of opioid receptors in the central  
nervous system.
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complex bound to the small-molecule orthosteric agonist compound-16 
was determined at a global resolution of 3.25 Å in the absence of scFv16  
(Fig. 1c, Extended Data Fig. 1 and Supplementary Figs. 1 and 2). These 
relatively high-resolution density maps of the three complexes enabled 
us to unambiguously model most portions of the MRGPRX1 receptor, 
the mini-Gq hetereotrimer, scFv16 and the bound ligands (Extended 
Data Fig. 2). Most of the sidechains in the transmembrane helices 
(TM1–TM7) of MRGPRX1 were well-defined, whereas the N-terminus 
and C-terminus and ICL3 of the receptor were poorly observed and 
not modeled.

The overall structure of MRGPRX1 shares a similar conforma-
tion with MRGPRX2 and MRGPRX4 (ref. 16). Like MRGPRX2, MRGPRX1 
also has a wide-open pocket that can be further divided into two 
sub-pockets: the orthosteric pocket formed by TM3–TM6 and the 
allosteric pocket formed by TM1–TM3, TM6 and TM7. The agonists 
compound-16 and BAM8-22 bind into the presumed orthosteric pocket, 
whereas ML382 binds into the allosteric pocket at a position near the 
endogenous agonist BAM8-22 (Fig. 1d). Both the agonists and the PAM 
bind to MRGPRX1 at the very extracellular side that is over 10 Å away 
from the residue G6.48 (superscript denoted as Ballesteros–Weinstein 
number20), displaying a shallow binding mode (Fig. 1e,f). Besides the 
previously characterized TM4–TM5 disulfide bond seen in MRGPRX2 
and MRGPRX4, we also observed a TM1–TM7 disulfide bond between 
C231.28 and C2517.32 in the ML382-bound MRGPRX1 structure (Fig. 1d). 
As MRGPRs lack the canonical TM3–ECL2 disulfide bond, these unique 
disulfide bonds might be important for the structure and signaling 
integrity of MRGPRs.

Orthosteric agonist binding mode of BAM8-22
BAM8-22 is a C-terminal fragment of the opioid peptide BAM, which 
lacks the met-enkephalin motif (YGGFM) for opioid binding13. In the 
structure of the MRGPRX1–Gq–BAM8-22 complex, the endogenous 

However, the lack of structural information limits understand-
ing of the activation and allosteric regulatory mechanisms of MRG-
PRX1, which impedes the structure-based discovery of drugs targeting  
MRGPRX1. In our recent studies, we determined the cryogenic electron 
microscopy (cryo-EM) structures of MRGPRX2 and MRGPRX4 with their 
cognate G protein complexes and discovered novel small-molecule 
tools that could accelerate their functional study16. The structures of 
MRGPRX2 and MRGPRX4 reveal a shallow binding mode of MRGPR 
agonists and highlight the important role of two conserved acids 
residues—that is, D5.36 and E4.60—in the determination of charged 
agonist recognition. In this study, we determined three structures of 
MRGPRX1–Gαq in complex with a synthetic small-molecule agonist 
compound-16 (ref. 17), peptide agonist BAM8-22 alone and BAM8-22 
in presence with ML382, respectively. The orthosteric binding pocket 
of MRGPRX1 diverges considerably from MRGPRX2 and MRGPRX4, 
although their transducer interfaces are nearly identical. Moreover, the 
structures also reveal that PAM ML382 may exert its action by directly 
interacting with BAM8-22. Collectively, our structural and biochemical 
analyses provide important mechanistic insights for the activation and 
allosteric modulation mechanism of MRGPRX1, which will accelerate 
the structure-based drug discovery of the MRGPRX1 receptor and 
provide new therapeutic opportunities for non-opioid analgesics.

Results
Cryo-EM structures of MRGPRX1–Gq complexes
For structural studies, we assembled MRGPRX1 receptor–Gq complexes 
by co-expression of the receptor with our previously reported mini-Gq 
heterotrimer construct18 and further incubated with G protein–stabiliz-
ing antibody scFv16 (ref. 19). The structures of MRGPRX1–Gq–BAM8-
22 complexes with and without the PAM ML382 were determined at  
2.7 Å and 2.9 Å (Fig. 1a,b, Extended Data Fig. 1 and Supplementary  
Figs. 1 and 2), respectively. In addition, the structure of the MRGPRX1–Gq 
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Fig. 1 | Cryo-EM structures of MRGPRX1–Gq complexes. a–c, Cryo-EM density 
maps of MRGPRX1–Gq in complex with BAM8-22 (a), BAM8-22/ML382 (b) and 
compound-16 (c). d, Structure superposition of MRGPRX1–Gq–BAM8-22/
ML382 complex with MRGPRX1–Gq–compound-16 complex, highlighting the 
overall binding sites of BAM8-22, ML382 and compound-16. The peptide agonist 

BAM8-22 is shown as a cartoon. The small-molecule ligands and disulfide bonds 
are shown as sticks. e, BAM8-22 and ML382 bind to the extracellular surface far 
away from G6.48 in the MRGPRX1–Gq–BAM8-22/ML382. f, Compound-16 binds 
to the extracellular orthostatic pocket far away from G6.48 in MRGPRX1–Gq–
compound-16.
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peptide agonist BAM8-22 extends over the orthosteric pocket with a 
U-shaped hairpin binding pose (Fig. 2a). Specifically, the C-terminal 
residue Arg20 of BAM8-22 binds into the negatively charged orthos-
teric pocket and forms strong charge interactions with two acidic 
residues, D1775.38 and E1574.60 (Fig. 2a). Similar charge interactions are 
also observed in MRGPRX2 (ref. 16), indicating that these two exposed 
acidic residues are crucial for the ligand recognition and activation of 
both MRGPRX1 and MRGPRX2. In addition, Tyr21 of BAM8-22 inserts 
deeply into a side cavity formed by Y993.29, P1003.30, E1574.60 and W1584.61 
(Fig. 2a), thereby restricting the peptide C-terminus. As Arg20 and 
Tyr21 directly bind into the orthosteric pocket, these two C-terminal 
residues may be the key motif of BAM8-22 peptide responsible for 
receptor activation. This might also explain a previous observation 
that a variety of FR-amide peptides, which have similar C-terminal resi-
dues like Arg20–Tyr21 (RY) of BAM8-22, could also activate the mouse 
analog of MRGPRX1 (ref. 21). The middle portion (Met15–Gln18) and 
the N-terminus (Trp13–Trp14) of BAM8-22 extends along the interface 
between orthosteric and allosteric pockets and forms mainly hydro-
phobic interactions with surrounding residues, including F2366.55, 
L2406.59, W2416.60, H2436.62, L2497.30, F2507.31 and H2547.35, in TM6, TM7 
and ECL3 (Fig. 2b,c). By contrast, the remaining N-terminus of BAM8-22 
extended into the extracellular solvent and is not directly involved in 
peptide binding (Fig. 2a–c), which explains the previous observation 
that deletion of the first few residues of the BAM peptide does not 
affect its potency at MRGPRX1 (ref. 13).

We then used our recently developed bioluminescence resonance 
energy transfer assay 2 (BRET2)-based Gαq–Gβγ dissociation assay22 
to examine BAM8-22-stimulated MRGPRX1 signaling in response to 
the individual pocket mutations (Fig. 2d–f and Supplementary Table 
1). As expected, the neutralizing mutations of the negatively charged 
residues D1775.36A and E1574.60A completely abolished the activity of 
BAM8-22 (Fig. 2d). Surprisingly, removal of the hydrophobic moieties 
from F2366.55, L2406.59, W2416.60, L2497.30, F2507.31 and H2547.35 by alanine 
substitution also abolishes BAM8-22-stimulated receptor activation 
(Fig. 2e,f), suggesting that BAM8-22-stimulated MRGPRX1 signaling 
requires a well-defined pocket shape. Apparently, the activation of 
MRGPRX1 is also mediated by the critical charge interactions between 
the positively charged Arg20 of BAM8-22 and the two conserved acidic 

residues, D1775.36 and E1574.60, of MRGPRX1. However, MRGPRX1 does 
not have a ‘sidechain-only’ narrow orthosteric pocket seen in MRG-
PRX2 (ref. 16), thus it cannot promiscuously respond to basic peptides. 
Indeed, BAM8-22 requires a strict peptide sequence to position Arg20 
toward the acidic residues D1775.36 and E1574.60 for receptor activa-
tion as several N-terminal truncations of BAM8-22, such as BAM15-22 
and BAM18-22, greatly decrease the peptide-stimulated activation of 
MRGPRX1 (ref. 13).

Unique allosteric modulation mode of MRGPRX1 by ML382
To date, diverse allosteric binding sites have been reported from the 
crystal or cryo-EM structures of class A GPCRs23–26 (Extended Data  
Fig. 3). In our structure of MRGPRX1 bound to BAM8-22 and ML382, the 
PAM molecule ML382 binds at the extracellular side of the MRGPRX1 
(Fig. 3a). In general, ML382 positions next to the orthosteric agonist 
BAM8-22 and engages an allosteric pocket with extensive electro-
static and hydrophobic interactions with TM1–TM3, TM6 and TM7  
(Figs. 1d and 3a). Structurally, ML382 is a ‘bicycle’-like molecule com-
posed of three chemical groups: benzamide core scaffold, cyclopropyl 
sulfonamide group and 2-ethoxyphenyl group. The oxygen atoms of 
both the cyclopropyl sulfonamide and the benzamide groups in the 
middle part of ML382 form hydrogen bonds with the basic residues 
R792.57 and H2547.35 of MRGPRX1 (Fig. 3b). The two aromatic ‘wheels’ of 
ML382 interact with the receptor mainly through hydrophobic interac-
tions with the surrounding residues (Fig. 3b,c). Mutagenesis studies 
reveal that Y822.60 and I2587.39, which sandwich the ML382 molecule, 
greatly reduced the ML382-induced PAM signaling, suggesting that 
these two residues might be critical for the PAM activity of ML382  
(Fig. 3d, Extended Data Fig. 4 and Supplementary Table 2). Intriguingly, 
R792.57A, which is 10 Å from the peptide binding site, also abolished 
the BAM8-22-stimulated MRGPRX1 activation (Fig. 3d), suggesting 
that the alanine substitution of this distal allosteric pocket residue 
indirectly affects its signaling. More importantly, the upper part of 
2-ethoxyphenyl and cyclopropyl sulfonamide groups of ML382 also 
form hydrophobic interactions with the Tyr17 of BAM8-22 (Fig. 3c and 
Supplementary Fig. 3). A previous structural activity relationship (SAR) 
study of ML382 showed that substitution of the cyclopropyl group of 
ML382 with large moieties resulted in loss of PAM activity14. Because 
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Fig. 2 | Interactions of the endogenous peptide agonist BAM8-22 with 
MRGPRX1. a–c, Key interactions between MRGPRX1 and the C-terminus (a), 
middle part (b) and N-terminus (c) of BAM8-22. Hydrogen bonds are shown as 
red dashed lines. d–f, Alanine substitution of key MRGPRX1 residues interacting 

with the C-terminus (d), middle part (e) and N-terminus (f) of BAM8-22 reduced 
BAM8-22-stimulated Gq activation by BRET2. Data are presented as mean ± s.e.m. 
of three biological replicates. Emax, maximum effect; WT, wild-type.
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the cyclopropyl group of ML382 is in direct contact with BAM8-22, 
modifying the cyclopropyl group with larger chemical moieties could 
introduce a structural clash with BAM8-22, thereby precluding peptide 
binding and receptor activation.

To clarify the structural basis of PAM activity, we compared the 
structure of MRGPRX1 bound to both BAM8-22 and ML382 with the 
BAM8-22-alone MRGPRX1 structure (Fig. 3e,f and Extended Data  
Fig. 5a–e). Although the peptide is better resolved in the presence of 
the allosteric molecule ML382, the superposition of these two mod-
els reveals an almost identical overall conformation of the BAM8-22 
as well as the intracellular G protein coupling site (Extended Data 
Fig. 5a–c). However, large conformational changes in both the main-
chain helices and the sidechain rotamers of the allosteric pocket are 
observed. Specifically, seven of the 11 allosteric pocket residues, includ-
ing T311.36, R792.57, Y822.60, Y993.29, M1023.33, F2366,55 and L2557.36, move 
outward from their PAM-free state to create an enlarged space for 
ML382 binding (Fig. 3f and Extended Data Fig. 5d,e). In particular, 
the aromatic ring of residue Y822.60 is displaced 3 Å upward, and π–π 
interacts with the benzamide group of ML382, whereas the sidechain 
of M1023.33 moves downward by 2 Å, both accommodating the ML382 
benzamide group. Accompanied by these sidechain conformational 
changes, there is a 1.3-Å outward movement of TM2 and a 1.7-Å inward 
movement of TM3 (Fig. 3f), respectively, upon ML382 binding. These 
conformational changes suggest that the allosteric pocket of MRG-
PRX1 has considerable plasticity, which could provide opportuni-
ties for discovering novel BAM8-22 PAM molecules with different  
chemical scaffolds.

The binding of ML382 to the allosteric pocket also pushes the 
two bridging residues, Y993.29 and F2366,55, toward the Arg20 of  
BAM8-22, resulting in a closer charge interaction between Arg20 and 
the acidic residues D1775.36 and E1574.60 (Fig. 3e). In addition, the direct 
contact between ML382 and the BAM8-22 may further increase the 
peptide affinity at MRGPRX1. In our BRET2 PAM assay, ML382 substan-
tially improves the potency of BAM8-22 (~300-fold in the presence of 
30 µM ML382), whereas the efficacy of the peptide is largely unaffected 
(Extended Data Fig. 4a and Supplementary Table 2). Indeed, the allos-
teric effect of ML382 is so strong that it even can rescue the signaling 
of H2547.35A mutant, which displays no activity in response to BAM8-22 
(Extended Data Fig. 4g). Furthermore, ML382 displays weak PAM activ-
ity toward the small-molecule agonist compound-16 (Supplementary 
Fig. 4 and Extended Data Fig. 7d); thus, ML382 exhibits strong probe 
dependence and is a BAM8-22-specific PAM. A GPCRome screening of 
ML382 shows that it has no agonist activity at 318 non-olfactory GPCRs,  
revealing that it has a good selectivity for MRGPRX1 (Extended Data Fig. 6a).  
In the previously determined structures of M2R, GPR40 and DRD1, 
the PAMs displayed no contact with their corresponding orthosteric 
agonist (Extended Data Fig. 3b–d)23,25,26. Thus, the direct contact of 
ML382 with BAM8-22 observed in this study suggests a unique allosteric 
modulatory mechanism for MRGPRX1.

Binding of compound-16 to MRGPRX1
In recent years, several new ligands that targeted to the MRGPRX1 
receptor have been discovered17,27,28. Among these, compound-16 is 
a highly potent agonist of MRGPRX1 with superior selectivity over 
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opioid receptors17, MRGPRX2, MRGPRX4 and many other non-olfactory 
GPCRs (Extended Data Fig. 6b–h and Supplementary Fig. 5).  
Moreover, in vivo pharmacokinetics studies in mice revealed that 
compound-16 was preferentially distributed in spinal cord, where its 
presumed sites for MRGPRX1-mediated analgesic effects reside17.

Our structure of compound-16-bound MRGPRX1–Gq complex 
provides a starting point to investigate small-molecule agonism of 
MRGPRX1. As seen with the peptide agonist BAM8-22, compound-16 
also binds shallowly to the orthosteric pocket of MRGPRX1 (Figs. 1f 
and 4a,b). The aminoisoquinoline group of compound-16 extends 
toward the two acidic residues and interacts with both D1775.36 and 
E1574.60, further highlighting the importance of charge interactions in 
MRGPRX1 activation (Fig. 4a). Additionally, the methylphenyl group 
of compound-16 stacks on the top of Y993.29 through π–π interactions 
(Fig. 4a). Alanine substitution of Y993.29, D1775.36 and E1574.60 greatly 
reduced the potency of compound-16-stimulated MRGPRX1 activa-
tion (Fig. 4c and Supplementary Table 1), suggesting that these resi-
dues are important for the agonist activity of compound-16. Lastly, 
the methoxybenzene group of compound-16 binds into a cavity  
formed by Y993.29, P1003.30, E1574.60 and W1584.61 mainly through hydro-
phobic interactions.

Compared to BAM8-22, the overall binding mode of compound-16 
is similar to that of the C-terminal residues Arg20 and Tyr21 of BAM8-22 
(Fig. 4b). However, the large aminoisoquinoline group of compound-16 
has a 1.0-Å closer contact with D1775.36 than the Arg20 of BAM8-22, 
which slightly pushes D1775.36 toward W2416.60. The movement of D1775.36 
further leads to a subsequent clash with W2416.60 and may finally force 
W2416.60 to rotate outward to the cell membrane (Fig. 4b). Thus, the 
orthosteric pocket for compound-16 is much larger than that of BAM8-22  
(Extended Data Fig. 7a). When aligned with the ML382-bound MRG-
PRX1–Gq–BAM8-22 structure, compound-16 has a weak contact with 
the PAM molecule ML382 (Extended Data Fig. 7b,c). This might explain 
why ML382 only has a mild PAM effect on compound-16-stimulated 
MRGPRX1 activation (Supplementary Fig. 4 and Extended Data Fig. 7d).

Structural comparisons with MRGPRX2 and MRGPRX4
Although belonging to the same MRGPRX family, MRGPRX1 dis-
plays a distinct extracellular pocket compared to MRGPRX2 and  
MRGPRX4 (Fig. 5a,b). Large conformational differences in the three 
ECLs as well as the extracellular ends of TM3, TM4 and TM7 are observed  
(Fig. 5a,b). Of note, the ECL2 and ECL3 of MRGPRX1 move further away 
from the central axis of receptor, creating a larger pocket for agonist 
recognition (Fig. 5b,c). In addition, the electrostatic surfaces of MRG-
PRX1, MRGPRX2 and MRGPRX4 are quite different from each other  
(Fig. 5d–f). Specifically, MRGPRX1 has a negatively charged orthos-
teric pocket brought by the two conserved acidic residues D1775.36 and 
E1574.60, whereas its allosteric pocket is positively charged (Fig. 5d).  

In MRGPRX2, the orthosteric pocket is also highly negatively charged. 
However, the sub-pocket 2, which corresponds to the allosteric pocket 
of MRGPRX1, is relatively hydrophobic (Fig. 5e), whereas, in MRGPRX4, 
the insertion of ECL2 into the canonical orthosteric pocket made the 
acidic residues inaccessible, generating a highly positively charged 
pocket (Fig. 5f). Furthermore, the MRGPRX receptors have variable 
residue compositions in both the orthosteric and allosteric pockets 
(Extended Data Fig. 8a–c). This might explain why compound-16 and 
ML382 showed neither agonist nor allosteric activity to the MRGPRX2 
and MRGPRX4 receptors (Supplementary Figs. 5 and 6). Collectively, 
these observations indicate that MRGPRX receptors have highly  
different extracellular ligand binding pockets in terms of pocket size, 
charge distribution and residue composition, indicating that MRGPRX 
receptors are evolved to respond to different stimuli.

In contrast to the extracellular pocket, MRGPRX1 displays a similar 
Gq binding mode when compared to that of MRGPRX2 and MRGPRX4 
at the intracellular side of the receptor (Fig. 5c)16. In all the three MRG-
PRX1–Gq complex structures, the cytoplasmic distance between TM3 
and TM6 is approximately 15 Å, which is typically observed from the 
active state structures of other family A GPCRs16,18. The main inter-
face between MRGPRX1 and the Gq trimer is composed of TM2, TM3, 
TM5–TM7 and ICL2 of the receptor and the α5-helix and αN-helix of Gq 
(Extended Data Fig. 9a,b). Although extensive interactions with the Gq 
protein were observed, mutagenesis study showed that alanine sub-
stitution of most of the MRGPRX1 interface residues have mild effects 
on agonist-stimulated Gq activation (Extended Data Fig. 9c–e and  
Supplementary Table 3), and only several ICL2 mutations of MRG-
PRX1 have relatively large effects on the Gq activation (Extended Data 
Fig. 9f–h and Supplementary Table 3). Notably, ICL2 of many class A 
GPCRs binds into a hydrophobic cleft mainly formed by the αN helix, 
β2–β3 loop and α5 helix. As G protein coupling to GPCRs requires a 
conformational rearrangement in this region to destabilize its GDP 
binding pocket before fully coupling29, the large effects of ICL2 muta-
tions observed on MRGPRX1-mediated Gq activation suggest that the 
interaction between ICL2 and Gq is crucial for the initial process of  
Gq coupling16. Notably, the intracellular cavity residues for G protein 
coupling are highly conserved across MRGPRX family receptors, indi-
cating that they share a conserved downstream signaling pathway.

Discussion
The cryo-EM structures of agonist-bound MRGPRX1–Gq complexes 
obtained in this study offer important insights into the receptor acti-
vation by both the endogenous peptide agonist BAM8-22 and the syn-
thetic small-molecule agonist compound-16. Similarly to MRGPRX2 
and MRGPRX4 agonist binding modes, BAM8-22 and compound-16 
bind shallowly to the orthosteric pocket of MRGPRX1 (Fig. 1e,f), indi-
cating that this unique ligand binding mode may be general to the 
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MRGPRX family receptors. Additionally, MRGPRX1 also recognizes its 
agonist through D1775.36 and E1574.60 (Figs. 2a and 4a), the two conserved 
acidic residues critical for receptor activation in MRGPRX2. However, 
due to the structural differences in the orthosteric pocket, MRGPRX1 
does not promiscuously bind positively charged peptides. As the two 
acidic residues also exist in MRGPRX3, it is possible that MRGPRX3 also 
recognizes some as yet unidentified endogenous peptides containing 
Arg or Lys if the acidic residues are exposed to the orthosteric pocket. 
Moreover, the high-resolution structure of ML382-bound MRGPRX1–
Gq–BAM8-22 complex also reveals the allosteric modulation mecha-
nism of MRGPRX1. Although we are not able to measure the binding 
affinity of BAM8-22 due to the lack of radioligand, the direct contact 
between ML382 and BAM8-22 probably strengthens the binding affinity 
of BAM8-22 as there is a considerable increase of the BAM8-22 potency 
with increased concentration of ML382 (Extended Data Fig. 4). We also 
observed large conformational changes in the ML382 binding site. 
The structural plasticity of the PAM pocket may provide chances to 
discover novel PAM molecules with different scaffold and improved 
pain-relieving effects.

Together with our previously solved structures of MRGPRX2 
and MRGPRX4, the MRGPRX structures reveal the general and 
distinct features of MRGPRX receptors. In contrast to serotonin 
(5-hydroxytryptamine (5-HT)) receptors, which have a similar 5-HT 
binding pocket but couple to different G proteins30, the MRGPRX  
family receptors have a highly conserved G protein coupling interface 

but with very different extracellular pockets in the pocket shapes, 
residue compositions and charge distributions (Fig. 5 and Extended 
Data Fig. 8), indicating that MRGPRX family receptors respond to  
different itch or pain stimuli with a common G protein signaling profile. 
As MRGPRX are primate-exclusive receptors playing important roles 
in itch and pain signals, it might be useful to study these receptors in 
an evolutionary perspective when pairing its endogenous agonists.

In summary, the cryo-EM structures of MRGPRX1–Gq complexes 
obtained in this study offer unique insights into the receptor activa-
tion and allosteric modulation of MRGPRX1, which could accelerate 
the structure-based drug discovery for the non-opioid pain medicines 
targeting MRGPRX1 as well as the understanding of the diverse ligand 
recognition profile of MRGPRX family receptors.
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maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
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Methods
Generation of MRGPRX1 constructs for cryo-EM and func-
tional assays
For the expression of MRGPRX1–Gαq protein complex, the full-length 
DNA of human MRGPRX1 (UniProtKB: Q96LB2) was subcloned into a 
modified version of pFastBac1 (Invitrogen) baculovirus expression 
vector. Specially, the N-terminal of MRGPRX1 sequence was incorpo-
rated with a string of hemagglutinin (HA) signal peptide, followed 
by a Flag-tag, a 10× His-tag and a TEV protease site. Then, a thermo-
stabilized apocytochrome b562RIL (BRIL) and HRV3C protease sites 
were fused to the N-terminus of MRGPRX1 to facilitate the protein 
expression and purification. For the Gαq protein, the same mini-GαqiN 
heterotrimer construct used for the expression of HT2A–Gq–NBOH 
complex18 was introduced to facilitate the formation of receptor com-
plex. For the functional assays, the human MRGPRX1 gene was cloned 
into the pcDNA3.1 vector, and mutations were generated using the 
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs (NEB)).  
The sequence of primers is provided in Supplementary Table 4. All the 
constructs and mutations were verified by DNA sequencing.

Expression of MRGPRX1–Gαq protein complex
The recombinant baculovirus containing the MRGPRX1 and mini-GαqiN 
heterotrimer were generated using the Bac-to-Bac Baculovirus Expres-
sion System (Invitrogen). In brief, the constructs were first transformed 
into DH10Bac competent cells for generating recombinant bacmid. 
Then, Spodoptera frugiperda (Sf9) insect cells (Expression Systems) 
were plated into a 12-well plate at a concentration of 5 × 105 cells per 
well and transfected with 5 µg of purified bacmid to obtain recom-
binant baculovirus. After 96 hours of incubation, the supernatant 
was collected as the P0 viral stock and used to generate high-titer 
baculovirus P1 stock by infection with 40 ml of 2 × 106 Sf9 cells per 
milliliter and incubation for 72 hours. Viral titers were determined by 
flow cytometric analysis of Sf9 cells stained with 1:200 diluted gp64-PE 
monoclonal antibody (Thermo Fisher Scientific). For the expression 
of the MRGPRX1–Gαq complex, Sf9 cells were grown to a density of 
2.0 × 106 cells per milliliter and then co-infected with the baculoviruses 
of MRGPRX1 and mini-GαqiN heterotrimer at a multiplicity of infection 
(MOI) ratio of 3:1.5. After 48 hours of infection, the cells were harvested 
by centrifugation, washed in HN buffer (10 mM HEPES and 100 mM 
NaCl, pH 7.5) and stored at −80 °C for future use.

Purification of MRGPRX1–Gαq protein complex
For the purification of MRGPRX1–Gαq protein complex, the Sf9 cell 
pellets were thawed on ice and resuspended in buffer containing 
20 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM MgCl2 and 3 units of Apyrase 
(NEB) supplemented with complete Protease Inhibitor Cocktail tab-
lets (Roche). After stirring for 1.5 hours at room temperature, the cell 
suspension was dounced to homogeneity and subsequently ultracen-
trifuged at 72,500g (Ti45 rotor, Beckman) for 30 minutes to collect the 
membrane. After the membrane was solubilized in buffer containing 
40 mM HEPES, pH 7.5, 100 mM NaCl, 5% (w/v) glycerol, 0.6% (w/v) lauryl 
maltose neopentyl glycol (LMNG) and 0.06% (w/v) cholesteryl hemisuc-
cinate (CHS) for 5 hours at 4 °C with 500 µg of scFv16, the solubilized 
proteins were isolated by another ultracentrifugation at 105,000g (Ti70 
rotor, Beckman) for 30 minutes and then incubated with Talon IMAC 
resin (Clontech) and 20 mM imidazole overnight at 4 °C. On the next 
day, the resin with immobilized protein complex was collected with 
a gravity flow column and washed with 25 column volumes of buffer 
containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 30 mM imidazole, 
0.01% (w/v) LMNG, 0.001% (w/v) CHS and 5% glycerol. Then, the protein 
complex was eluted with the same buffer supplemented with 250 mM 
imidazole. Released proteins were further concentrated to 0.5 ml 
and subjected to size-exclusion chromatography on a Superdex 200 
10/300 GL Increase column (GE Healthcare) that was pre-equilibrated 
with 20 mM HEPES, pH 7.5, 100 mM NaCl, 100 µM TCEP, 0.00075% (w/v) 

LMNG, 0.00025 (w/v) glyco-diosgenin (GDN) and 0.00075% (w/v) CHS. 
Peak fractions were pooled and incubated with 15 µl of His-tagged 
PreScission protease (GenScript) and 2 µl of PNGase F (NEB) at 4 °C 
overnight to remove the N-terminal BRIL and potential glycosylation. 
The proteins were concentrated and further purified by size-exclusion 
chromatography using the same buffer. Peak fractions were pooled 
and concentrated to 5 mg ml−1. To ensure a full binding of MRGPRX1 
ligands, 100 µM compound 16, 100 µM BAM8-22 or 100 µM BAM8-22/
ML382 mixture was added to the concentrated sample and incubated 
on ice for 2 hours before grid-making.

Expression and purification of the scFv16
The expression and purification of scFv16 was performed as previ-
ously described16. In brief, the scFv16 gene was cloned into a modified 
pFastBac1 vector, expressed from insect Sf9 cells using the baculovirus 
method and purified by size-exclusion chromatography. Supernatant 
containing secreted scFv16 was pH balanced to 7.8 by the addition 
of Tris base powder. Chelating agents were quenched by the addi-
tion of 1 mM nickel chloride and 5 mM calcium chloride and stirred 
for 1 hour at room temperature. The supernatant was collected by 
centrifugation and incubated with 1 ml of His60 Ni Superflow Resin 
(Takara) overnight at 4 °C. On the next day, the resin was collected by 
a gravity flow column and washed with 20 column volumes of buffer 
containing 20 mM HEPES, pH 7.5, 500 mM NaCl and 10 mM imidazole. 
After this, elution was performed with the same buffer supplemented 
with 250 mM imidazole. Finally, the scFv16 protein was purified by 
size-exclusion chromatography using a Superdex 200 10/300 GL (GE 
Healthcare). The peak fraction was collected and concentrated to 
2 mg ml−1 for future use.

Cryo-EM grid preparation, data collection and 
three-dimensional reconstitution
For the preparation of the cryo-EM grid, the samples (3.2 µl) were 
applied individually onto glow-discharged Quantifoil R1.2/1.3 Au300 
holey carbon grids (Ted Pella) in a Vitrobot chamber (FEI Vitrobot Mark 
IV). The Vitrobot chamber was set at 4 °C and 100% humidity with a blot 
time range from 2.5 seconds to 5 seconds. The grids were flash frozen in 
a liquid ethane/propane (40/60) mixture and stored in liquid nitrogen 
for further screening and data collection.

Cryo-EM imaging was performed on a 200 keV G3 Talos Arctica. 
Micrographs were recorded using a Gatan K3 direct electron detec-
tor at a physical pixel size of 0.88 Å. Movies were automatically col-
lected using SerialEM using a multishot array as previously described31. 
Data were collected at an exposure dose rate of ~15 electrons per pixel 
per second as recorded from counting mode. Images were recorded 
for ~2.7 seconds in 60 subframes to give a total exposure dose of ~50 
electrons per Å2. All subsequent classification and refinement steps 
were performed within cryoSPARC32,33 using a previously described 
workflow16. In brief, merged curated non-duplicate particles from 
multiple picking regimes were subjected to multi-reference refine-
ment. This generated a final stack of particles that created a map with 
respective resolutions as reported in Supplementary Table 5 (by Fourier 
shell correlation (FSC) using the 0.143-Å cutoff criterion)34 after local 
contrast transfer function (CTF) refinement and post-processing in 
cryoSPARC32,33. Alternative post-sharpening was performed on the two 
half-maps using deepEMhancer35. For more details, see Extended Data 
Fig. 1 and Supplementary Table 5.

Model building and refinement
For the models of the MRGPRX1–Gq complexes, we used the maps 
generated from deepEMhancer for further refinement. The struc-
tures of the Gq trimer and scFv16 adopted from the MRGPRX2–Gq 
complex16 (Protein Data Bank (PDB): 7S8N) and the predicted MRG-
PRX1 structure from the AlphaFold36 website (https://www.alpha-
fold.ebi.ac.uk) were docked into the cryo-EM maps using Chimera37.  

https://www.uniprot.org/uniprot/Q96LB2
https://doi.org/10.2210/pdb7S8N/pdb
https://www.alphafold.ebi.ac.uk
https://www.alphafold.ebi.ac.uk
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The models were manually adjusted in Coot38 and then subjected to 
several rounds of real-space refinement refinement in Phenix39. In the 
BAM8-22-alone MRGPRX1 structure, residues Pro11–Tyr21 were mod-
eled. In the ML382-bound MRGPRX1 structure, residues Gly9–Tyr21 
of BAM8-22 were modeled. For compound-16, GlideEM40 docking was 
used to help model the molecule into the relatively low-resolution map 
of MRGPRX1–Gq–compound-16 complex (Supplementary Fig. 7). The 
model statistics were validated using Molprobity41. The refinement 
statistics are provided in Supplementary Table 5. Structure figures 
were prepared by either Chimera X42 or PyMOL(https://pymol.org/2/).

BRET assays
G protein dissociation BRET2 assays were performed as previously 
described with minor modifications43. In brief, HEK293T cells were 
co-transfected overnight with human MRGPRX1 receptor or muta-
tions, Gαq-RLuc8, Gβ3 and Gγ9-GFP2 constructs at a 2:1:2:2 ratio. After 
18–24 hours, the transfected cells were seeded into poly-l-lysine-coated 
384-well white clear-bottom cell culture plates at a density of 15,000–
20,000 cells and incubated with DMEM containing 1% dialyzed FBS, 
100 U ml−1 of penicillin and 100 µg ml−1 of streptomycin for another 
24 hours. The next day, the medium was aspirated and washed once 
with 20 µl of assay buffer (1× HBSS, 20 mM HEPES, 0.1% BSA, pH 7.4). 
Then, 20 µl of drug buffer containing coelenterazine 400a (Nanolight 
Technology) at 5 µM final concentration was added to each well and 
incubated for 5 minutes, followed by the addition of 10 µl of 3× desig-
nated drug buffer for 5 minutes. Special for the PAM assay, the cells were 
added with 10 µl of 3× designated final concentrations of ML382 and 
incubated for 5 minutes at room temperature. Then, 10 µl of 4× final 
concentrations of BAM8-22, compound-16, cortistatin-14 or nateglin-
ide were added for another 5 minutes. Finally, the plates were read in 
PHERAstar FSX (BMG Labtech) with a 410-nm (RLuc8-coelenterazine 
400a) and a 515-nm (GFP2) emission filter, at 0.6-second integration 
times. BRET ratio was computed as the ratio of the GFP2 emission to 
RLuc8 emission. Data were normalized to percentage of wild-type stim-
ulation with indicated reference agonist and analyzed using non-linear 
regression (log(agonist) versus response) in GraphPad Prism 9.0 to 
generate the pEC50 and Emax values. Data for the PAM assays were trans-
formed to Net BRET and analyzed using the function (Allosteric EC50 
shift) to generate the allosteric parameter pKB.

GPCRome assay
PRESTO-Tango GPCRome assays were performed to interrogate the 
MRGPRX1 selectivity of ML382 and compound-16 using a previously 
published procedure44 with modifications. In brief, HTLA cells were 
plated in poly-l-lysine-coated 384-well white plates at a density of 
10,000 cells per well and incubated in 40 µl of DMEM containing 1% 
dialyzed FBS, 100 U ml−1 of penicillin and 100 µg ml−1 of streptomycin 
for 6 hours. Then, the cells were transfected with 20 ng per well of 
codon-optimized Tango constructs overnight. On the next day, the 
cells were treated with 10 µM drugs and incubated for another 24 hours. 
The medium was removed, and 20 μl per well of diluted BrightGlo 
was added to determine the luminescence activity. All the plates were 
counted in a StakMax counter (Molecular Devices). The results were 
plotted as fold of average basal against individual receptors in Graph-
Pad Prism 9.0 software.

β-arrestin recruitment Tango assay
For the receptors whose activity increased more than three-fold of basal 
levels obtained in the GPCRome assay, full dose–response Tango arres-
tin recruitment assays were used as previously described44. In brief, 
HTLA cells were transiently transfected with Tango DNAs overnight. 
The cells were seeded into poly-l-lysine-coated 384-well white plates 
(40 µl per well) with complete DMEM supplemented with 1% dialyzed 
FBS at a density of 10,000 cells per well for 6 hours. Then, 10 µl of dif-
ferent concentrations of 5× tested compound was added overnight.  

The next day, all medium and drug solutions were removed, and 20 µl 
per well of diluted BrightGlo reagent (Promega) was added. After 
20 minutes of incubation, the plates were counted using a StakMax 
counter (Molecular Devices). Results were plotted as percentage of 
reference ligand against individual receptors in GraphPad Prism 9.0 
software. For FXRP4 and MRGPRX1, results were plotted as fold of basal.

Calcium mobilization assay
HEK293T cells were transiently transfected with the plasmid of MRG-
PRX1 and incubated overnight in DMEM containing 10% FBS, 100 U ml−1 
of penicillin and 100 µg ml−1 of streptomycin. For the calcium mobi-
lization assay, the cells were then plated into poly-l-lysine-coated 
384-well black plates (40 µl per well) with DMEM supplemented with  
1 % dialyzed FBS at a density of 15,000 cells per well for another 24 hours. 
The medium was removed, and cells were loaded with 20 µl per well of 
1× FLIPR calcium dye (Molecular Probes) and 2.5 mM probenecid for 
1 hour at 37 °C. Then, the cells were treated with 10 μl of 3× different 
concentrations (0–30 µM) of ML382 in drug buffer (1× HBSS, 20 mM 
HEPES and 0.1 % BSA, pH 7.4) for 15 minutes at room temperature. The 
baseline was measured for 10 seconds before the addition of 4× concen-
trated agonist ligands in drug buffer. Fluorescence was measured for 
120 seconds, and data were analyzed in GraphPad Prism 9.0 software.

ELISA
To measure the surface expression level of MRGPRX1 and its mutants, 
the transfected cells were seeded into 384-well white plates and incu-
bated at 37 °C for 24 hours. The cells were fixed with 4% (v/v) para-
formaldehyde for 20 minutes at room temperature and washed twice 
with PBS. Then, the cells were blocked with 5% (v/v) BSA for 1 hour and 
further probed with 1:10,000 diluted anti-Flag horseradish peroxidase–
conjugated antibody (Sigma-Aldrich, A8592) for another 1 hour. Finally, 
20 µl per well of Super Signal ELISA pico chemiluminescent substrate 
(Thermo Fisher Scientific, 37069) was added, and the luminescence sig-
nal was counted using a Wallac TriLux Microbeta counter (PerkinElmer). 
The data were analyzed in GraphPad Prism 9.0 and normalized to the 
signal of wild-type MRGPRX1 (Supplementary Fig. 8).

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

Data availability
The coordinate and cryo-EM map of MRGPRX1–Gq–BAM8-22, MRG-
PRX1–Gq–BAM8-22/ML382 and MRGPRX1–Gq–compound-16 have 
been deposited to the Protein Data Bank (Electron Microscopy  
Data Bank) database with accession codes 8DWC (EMD-27752), 8DWG 
(EMD-27753) and 8DWH (EMD-27754), respectively. The cryo-EM micro-
graphs of MRGPRX1–Gq–BAM8-22, MRGPRX1–Gq–BAM8-22/ML382 
and MRGPRX1–Gq–compound-16 have been deposited in the EMPIAR 
database (https://www.ebi.ac.uk/empiar/) with accession numbers 
EMPIAR-11183, EMPIAR-11188 and EMPIAR-11191, respectively. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Extended cryo-EM analysis of the MRGPRX1-Gq 
complex bound to BAM8-22, BAM8-22/ML382, and compound-16, 
respectively. a, Representative cryo-EM micrograph (scale bar: 100 nm) of the 
MRGPRX1-Gq-BAM8-22, MRGPRX1-Gq-BAM8-22/ML382 and MRGPRX1-Gq-
comppound-16 complexes. The exact number of movies and particles used for 
each complex are shown in Supplementary Fig. 2. The experiment was repeated 
three times with similar result. b, Histograms of defocus values for micrographs 

used in the single particle analysis (see Supplementary Table 4 for more details). 
c, Orientational distribution heat map. d, 2D plots of the gold standard Fourier 
shell correlation (GSFSC) between half maps (black) and FSC between model 
and the B-factor sharpened map for respective refined model (red) as calculated 
by phenix.mtirage. e, Local resolution heat-map calculated using the local 
windowed FSC method.
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Extended Data Fig. 2 | Electron microscopy density map of MRGPRX1-Gq-BAM8-22, MRGPRX1-Gq-BAM8-22/ML382, and MRGPRX1-Gq-compound-16 
complexes. a-c, EM density of the ligand, TM1-TM7 helices of MRGPRX1 and the α5 and αN helices of Gq of MRGPRX1-Gq-BAM8-22 (a), MRGPRX1-Gq-BAM8-22/ML382 
(b) and MRGPRX1-Gq-compound-16 (c), respectively.
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Extended Data Fig. 3 | Comparison of MRGPRX1 PAM binding site with other 
GPCRs. a-d, The binding modes of agonist and PAM of MRGPRX1 (a), M2R (PDB 
ID: 4MQT) (b), GPR40 (PDB ID: 5TZY) (c) and DRD1 (PDB ID: 7LJD) (d). The peptide 

agonist is shown as cartoon. Small molecule orthosteric agonists and PAMs are 
shown as sticks. Orthosteric agonist and PAM are colored by bule and yellow, 
respectively.

https://doi.org/10.2210/pdb4MQT/pdb
https://doi.org/10.2210/pdb5TZY/pdb
https://doi.org/10.2210/pdb7LJD/pdb
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Extended Data Fig. 4 | Mutations of MRGPRX1 allosteric site residues affect ML382 allosteric properties. a-l, Representative Gq BRET2 dose–response curves of 
WT and mutations of key residues of MRGPRX1 in the presence of indicated concentration of the allosteric modulator ML382. Data are mean ± SEM of n = 3 biological 
replicates.
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Extended Data Fig. 5 | Structural comparison of the MRGPRX1-Gq-BAM8-22 
complex with MRGPRX1-Gq-BAM8-22/ML382 complex. a-c, The overall 
alignment of the MRGPRX1-Gq-BAM8-22 complex with MRGPRX1-Gq-BAM8-22/
ML382 complex. Side-view to show the overall complexes (a). Extracellular view 

to show the overall similar peptide binding mode (b). Intracellular view to show 
the α5 binding pocket (c). d, Cross-section image to show the binding of BAM8-22 
and ML382 in MRGPRX1. e, Cross-section image to show the binding of BAM8-22 
alone in MRGPRX1.
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Extended Data Fig. 6 | Selectivity of compound-16 and ML382 among other 
GPCRs. a-b, Screening of ML382 (a) and compound-16 (b) in single concentration 
(10 µM) at 318 receptors in PRESTO-Tango GPCRome assays. Dopamine (D2) with 
100 nM quinpirole was used as the assay control (assay ctrl). The data are plotted 
as fold of basal activity and presented as mean ± SEM (n = 4). The ones with  

>3-fold of basal were took as pronounced hits. c-h, Follow-up dose response 
curves for the targets with > 3-fold increased activity. Known agonist for each 
receptor was used as positive controls, and all the results were normalized to 
these controls (c-g). For MRGPRX1, the results were plotted as fold of basal (g-h). 
All the data are presented as mean ± SEM of n = 3 independent experiments.
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Extended Data Fig. 7 | Structural comparison of MRGPRX1-Gq-compound-16 
complex with MRGPRX1-Gq-BAM8-22/ML382 complex. a, The orthosteric 
pocket for compound-16 (cyan) is larger than that of BAM8-22 (green). b-c, 
Structural superposition of MRGPRX1-Gq-compound-16 complex and MRGPRX1-

Gq-BAM8-22/ML382 to show compound-16 has a weak contact with the allosteric 
modulator ML382. Side view (b). Top view (c). d, ML382 displays very weak PAM 
activity at compound-16 in BRET2 Gq activation assay. Data are mean ± SEM of 
n = 4 biological replicates.
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Extended Data Fig. 8 | Residue compositions of the extracellular and 
intracellular pockets of MRGPRX family receptors. a, Structure of MRGPRX1 
with the resides conserved in MRGPRX1, MRGPRX2 (PDB: 7S8N) and MRGPRX4 
(PDB: 7S8P) colored in red. Figure is generated by ENDscript45. b-d, Residue 

compositions of the orthosteric pocket (b), allosteric pocket (c) and G protein 
interface (d) of the MRGPRX family receptors. The pocket residues are selected 
based on the MRGPRX1-Gq-BAM8-22/ML382 structure. The conserved residues 
are highlighted in green.

https://doi.org/10.2210/pdb7S8N/pdb
https://doi.org/10.2210/pdb7S8P/pdb
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Extended Data Fig. 9 | The G protein interface of MRGPRX1. a, key interactions 
between the intracellular cavity of MRGPRX1 (green) and the α5 helix of Gq (red). 
The structure of MRGPRX1-Gq-BAM8-22/ML382 complex is used for structural 
analysis. b, Key interactions between the ICL2 of MRGPRX1 and the G protein. c-e, 
BRET2 validation of the intracellular cavity mutations of MRGPRX1 in presence of 

compound-16 (c), BAM8-22 alone (d) and BAM8-22 with 1 µM ML382 (e).  
f-h, BRET2 validation of the ICL2 mutations of MRGPRX1 in presence of 
compound-16 (f), BAM8-22 alone (g) and BAM8-22 with 1 µM ML382 (h). Data are 
mean ± SEM of n = 4 biological replicates.
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