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Structure, function and pharmacology of 
human itch GPCRs
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Brian E. Krumm1, Katherine Lansu1, John D. McCorvy1,9, Wesley K. Kroeze1, Justin G. English1,10, 
Jeffrey F. DiBerto1, Reid H. J. Olsen1, Xi-Ping Huang1, Shicheng Zhang1, Yongfeng Liu1, 
Kuglae Kim1, Joel Karpiak2, Lily Y. Jan4,6, Soman N. Abraham5,7, Jian Jin3, Brian K. Shoichet2 ✉, 
Jonathan F. Fay8 ✉ & Bryan L. Roth1 ✉

The MRGPRX family of receptors (MRGPRX1–4) is a family of mas-related 
G-protein-coupled receptors that have evolved relatively recently1. Of these, 
MRGPRX2 and MRGPRX4 are key physiological and pathological mediators of itch and 
related mast cell-mediated hypersensitivity reactions2–5. MRGPRX2 couples to both Gi 
and Gq in mast cells6. Here we describe agonist-stabilized structures of MRGPRX2 
coupled to Gi1 and Gq in ternary complexes with the endogenous peptide cortistatin-14 
and with a synthetic agonist probe, respectively, and the development of potent 
antagonist probes for MRGPRX2. We also describe a specific MRGPRX4 agonist and 
the structure of this agonist in a complex with MRGPRX4 and Gq. Together, these 
findings should accelerate the structure-guided discovery of therapeutic agents for 
pain, itch and mast cell-mediated hypersensitivity.

The sensation of itch (pruritis) can be triggered by many environ-
mental insults, including insect bites, parasites, skin diseases such 
as eczema, liver and kidney diseases, and hypersensitivity reactions 
to commonly prescribed medications7. Itch has both neuronal7 and 
non-neuronal components, with histamine release from mast cells 
being prominent8. Several transmitters have been implicated in sensing  
and mediating the itch response, including histamine, interleukin  
and various peptides. Molecular targets involved in itch include 
G-protein-coupled receptors (GPCRs), cytokine receptors and ion 
channels7. Mas-related GPCRs (MRGPRs) have recently been identified 
as pruritogenic receptors4,9.

Structures of MRGPRX2–G protein complexes
MRGPRs are divided into nine major clades: MRGPRA to MRGPRH 
and MRGPRX. The MRGPRX group of receptors has been identified 
as being enriched in human sensory neurons10. The group comprises 
four members: MRGPRX1, MRGPRX2, MRGPRX3 and MRGPRX4. MRG-
PRX4 mediates cholestatic itch4, whereas MRGPRX2 regulates mast 
cell degranulation and itch-related hypersensitivity reactions2,11. We 
identified MRGPRX2 and MRGPRX4 as targets for commonly prescribed 
medications that induce itch and mast cell-mediated hypersensitiv-
ity as side effects. These include the anti-diabetic drug nateglinide12, 
which acts on MRGPRX4, and several morphinan alkaloids including 
morphine, codeine and dextromethorphan, which act on MRGPRX213. 

Using structure-based drug discovery, we also identified a selective 
MRGPRX2 agonist that can induce degranulation in mast cells13.

Despite controversy regarding the canonical MRGPRX2 signalling 
pathways14, we found that MRGPRX2 effectively coupled to nearly all 
G-protein families (Extended Data Fig. 1) with robust coupling at both 
Gq- and Gi-family α-subunits15. Accordingly, we determined structures 
of MRGPRX2 complexed with Gq and Gi1 using the MRGPRX2-selective 
small-molecule agonist (R)-ZINC-357313 and the peptide cortistatin-14 
at global resolutions of 2.9 Å, 2.6 Å, 2.45 Å and 2.54 Å, respectively 
(Fig. 1a–d, Extended Data Figs. 2, 3), using single-particle cryo-electron 
microscopy (cryo-EM).

The high-resolution maps of MRGPRX2 enabled unambiguous build-
ing of its seven transmembrane (TM) domains. Both cortistatin-14 and 
(R)-ZINC-3573 adopt similar conformations in the Gi1- or Gq-coupled 
MRGPRX2 structures (Extended Data Fig. 4a, b, d). The cryo-EM maps 
showed better ligand densities in the Gq-coupled MRGPRX2 complexes 
(Extended Data Fig. 2, 3); thus, our structural analysis of ligand poses is 
mainly focused on Gq-coupled MRGPRX2 complex structures, unless 
otherwise specified. As recently discussed16, MRGPRX2 lacks, or con-
tains modified versions of, many of the canonical trigger motifs seen 
in other family A GPCRs (Extended Data Fig. 5a). These include: (1) 
the absence of the P–I–F (P5.50, I3.40, F6.44) motif17; (2) a semi-conserved 
DRY motif in TM3 (ERC in MRGPR family receptors); (3) lack of a key 
TM3 residue for conserved sodium binding; (4) absence of the ‘tog-
gle switch’ tryptophan (W6.48) which is replaced17 by a glycine (G6.48). 
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Consequently, activated MRGPRX2 has several distinctive features 
in these key motifs. Specifically, residues of TM5 in MRGPRX2 shift 
downwards by two residues with L1945.48, which is in the equivalent 
position of P5.50 in other GPCRs, engaging with the other two P-I-F motif 
residues L1173.40 and F2326.44 (Extended Data Fig. 6a). Additionally, the 
conserved toggle switch W6.48 is replaced with G6.48 in MRGPRX2 and 
TM6 of MRGPRX2 is shifted towards TM3 at the extracellular side, 
which may hinder ligand binding to the typical family A orthosteric 
pocket (Extended Data Fig. 6b, c). Accordingly, both corstitatin-14 
and (R)-ZINC-3573 bind to MRGPRX2 at a position that is distant from 
the conventionally described family A agonist binding site and closer 
to the extracellular vestibule (Extended Data Fig. 6c). Finally, the con-
served disulfide bond between TM3 and extracellular loop 2 (ECL2) 
found in family A GPCRs is absent in MRGPRX2. Instead, an inter-helix 
disulfide bond occurs between C1684.64 and C1805.34 that is predicted to 
be found in all the human MRGPR family receptors (Fig. 1f, g, Extended 
Data Fig. 5a, b). Mutagenesis studies suggest this observed TM4–TM5 
disulfide bond is essential for the signalling integrity of MRGPRX2 
(Extended Data Fig. 5c, d).

Without the restriction introduced by the class A canonical TM3–
ECL2 disulfide bond, ECL2 of MRGPRX2 is flipped to the top of TM4 and 
TM5, resulting in an uncharacteristically wide-open extracellular ligand 
binding surface (Fig. 1e, f). Calculation of the electrostatic potential sur-
face revealed that the MRGPRX2 pocket is highly negatively charged 
on one side (sub-pocket 1 formed by TM3–6 and ECL2) and relatively 
hydrophobic on the other (sub-pocket 2 formed by TM1–3, and TM6 and 
TM7) (Fig. 1e, h). Cortistatin-14 binds to a shallow pocket in MRGPRX2 
near the extracellular loops (Fig. 1e, f, Extended Data Fig. 6c), which 
reduces its local resolution—although we were able to model several 

key cortistatin-14 residues on the basis of the cryo-EM map (Extended 
Data Fig. 3d). The basic residue Lys3 of cortistatin-14 binds in the nega-
tively charged sub-pocket 1 and forms strong charge interactions with 
D1845.38 and E1644.60 (Fig. 1e, f). The remaining resolved residues of 
cortistatin-14 extend over W2436.55 and F170ECL2 of MRGPRX2 and bind 
to sub-pocket 2 mainly through hydrophobic interactions (Fig. 1e, f). 
This charge–hydrophobic binding mode of cortistatin-14 is consistent 
with previous observations showing that MRGPRX2 binds multiple 
peptides enriched in positively charged and aromatic residues18. A 
W243A6.55 mutation abolished the activity of cortistatin-14 and the 
F170ECL2A mutation reduced the potency of cortistatin-14 (Fig. 1i, Sup-
plementary Table 1), indicating that these two bridging residues are 
important in maintaining a proper pocket shape for ligand engage-
ment and receptor activation. Indeed, the diameter of sub-pocket 1 is 
so small that it allows only one side chain of a residue to fit (Fig. 1e). As 
the activation of MRGPRX2 appears to be triggered by agonist binding 
to sub-pocket 1 (Fig. 1h), many basic peptides could potentially activate 
MRGPRX2, given that a Lys or Arg side chain is able to fit into the acidic 
sub-pocket 1, almost irrespective of their main-chain conformation. 
This may explain the observation that MRGPRX2 is promiscuously 
activated by many basic peptides.

Unlike cortistatin-14, the small molecule agonist (R)-ZINC-3573 bound 
only to the negatively charged sub-pocket 1 (Fig. 1h). The pyrazolo[1,5-a]
pyrimidine moiety of (R)-ZINC-3573 lies parallel with W2486.60 through 
a π–π interaction, whereas its 5-phenyl moiety extends towards ECL2 
and stacks with the C1684.64–C1805.34 disulfide (Fig. 1g). The N-dimethyl 
moiety of (R)-ZINC-3573 is directly inserted into a cavity formed by 
F170ECL2, W2436.55, F2446.56, D1845.38 and E1644.60, where it forms ion pairs 
with D1845.38 and E1644.60 (Fig. 1g). Alanine substitutions of D1845.38 and 
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Fig. 1 | Cryo-EM structures of MRGPRX2 complexes. a–d, Cartoon 
representations of MRGPRX2–Gq–cortistatin-14 complex (a), MRGPRX2–Gq–
(R)-ZINC-3573 complex (b), MRGPRX2–Gi1–cortistatin-14 complex (c) and  
the MRGPRX2–Gi1–(R)-ZINC-3573 complex (d). e, Electrostatic surface 
representation of the MRGPRX2 extracellular pocket calculated using the  
APBS plugin in PyMOL with cortistatin-14 shown as green sticks. Red, negative 
(−5 kT e−1); blue, positive (+5 kT e−1). The cross-section image shows the good fit 
of Lys3 of cortistatin-14 to sub-pocket 1. f, Binding pocket of cortistatin-14.  
Key residues of MRGPRX2 interacting with the Lys3 of corstitatin-14 are shown 
as sticks. Hydrogen bonds are shown as red dashed lines. g, Key residues 

involved in (R)-ZINC-3573 binding in MRGPRX2. Charge interactions are shown 
as red dashed lines. h, Electrostatic surface representation of the MRGPRX2 
extracellular pocket with (R)-ZINC-3573 shown as yellow sticks. Red, negative 
(−5 kT e−1); blue, positive (+5 kT e−1). i, Alanine substitution of MRGPRX2 
residues interacting with the Lys3 of cortistatin-14 reduced cortistatin-
14-stimulated Gq activation. Data are mean ± s.e.m. of n = 3 biological 
replicates. j, Bioluminescence resonance energy transfer assay 2 (BRET2) 
validation of the (R)-ZINC-3573 binding pocket. Data are mean ± s.e.m. of n = 3 
biological replicates. Emax, maximum effect; WT, wild type.
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E1644.60 impaired the efficacy of (R)-ZINC-3573 (Fig. 1j) and greatly 
reduced the potencies of peptide agonists (Fig. 1i, Extended Data 
Fig. 5e–g). As many positively charged peptides and cationic small 
molecules activate MRGPRX218, ionic interactions involving these two 
acidic residues may be crucial for agonist recognition and activation of 
MRGPRX2. Consistent with the pose observed in this structure, most 
alanine mutations in the (R)-ZINC-3573 pocket greatly reduced the 
efficacy of (R)-ZINC-3573 (Fig. 1j, Supplementary Table 1).

On the intracellular side, MRGPRX2 displayed a similar TM6 dis-
position in Gi1- and Gq-coupled structures (Extended Data Fig. 4c, e).  
The cytoplasmic distance between TM3 and TM6 is approximately 
15  Å in both structures, consistent with other active-state and 
G-protein-coupled family A GPCR structures19–21 and distinct from 
inactive-state, G-protein-uncoupled-state structures17,22. Both Gi1 and 
Gq form extensive hydrophobic and electrostatic interactions with 
the core through the α5-helix (Fig. 2a). However, they adopt different 
conformations upon coupling to MRGPRX2 (Fig 2a–e, Extended Data 
Fig. 4c–g). The α5-helix C terminus of Gq engages the intracellular cavity 
of MRGPRX2 about 2 Å closer to TM6 compared to what is observed 
with Gi1 (Fig. 2a), probably owing to an interaction of the bulky Y243H5.23 
of Gq with the TM2–TM3 interface of MRGPRX2.

Outside the receptor core is the clearly resolved intracellular loop 3 
(ICL3), which forms extensive interactions with Gi1 (Fig. 2b, Extended 
Data Fig. 4g). Specifically, R214ICL3 extends downwards and forms hydro-
gen bonds with the side chain of E318 and the carbonyl group of I319 
of Gi1. In addition, L216ICL3 engages the Gi1 α5-helix residues I344 and 
L348 through hydrophobic interactions (Fig. 2b). Mutations of R214ICL3 
and L216ICL3 impaired the efficacy of agonist-stimulated Gi1 activation 
(Extended Data Fig. 4h, i, Supplementary Table 2), suggesting that 
ICL3 of MRGPRX2 has a role in Gi1 coupling. By contrast, ICL3 was not 
resolved in Gq-coupled structures (Extended Data Fig. 4f).

Extensive interactions of ICL2 with the αN-helix of Gi1 or Gq were also 
observed in both MRGPRX2 structures (Fig. 2c–e). In the Gi1-coupled 
MRGPRX2, R138ICL2 points downwards to the αN-helix of Gi1 and hydro-
gen bonds with the backbone carbonyl of E33. The carbonyl group of 
C139ICL2 introduces an extra hydrogen bond with R32 of Gi1 (Fig. 2c). 
In the Gq-coupled structure, the αN-helix of Gq shifts 6.6 Å outwards 
compared with that of Gi and interacts with ICL2 through a distinct 

hydrogen-bond network (Fig. 2d, e). In both Gq and Gi1-coupled struc-
tures, I135ICL2 is buried in a hydrophobic groove formed mainly by 
the αN–β1 junction, the β2–β3 loop and the α5-helix of the G protein 
(Fig. 2c, e), and has a key role in G-protein activation (Extended Data 
Fig. 4j–m, Supplementary Table 2).

Discovery of MRGPRX2 antagonists
The development of a selective MRGPRX2 antagonist has substantial 
therapeutic potential. We were able to confirm the activity of compound 
2 (ZINC16991592, ‘1592) from a previous study23 at MRGPRX2, find-
ing that ‘1592 had an inhibition constant (Ki) value of 189 nM (Fig. 3a, 
Supplementary Table 3). Searching the ZINC database (http://zinc15.
docking.org) and two rounds of analogue modelling in the ultra-large 
make-on-demand libraries (Supplementary Data 1, Fig. 3a, Extended 
Data Fig. 7a, b, Supplementary Tables 4, 5), we ultimately obtained 
optimized compounds C9-6 and C9, with Ki values of 58 nM and 43 nM, 
respectively (Fig. 3b, Supplementary Table 3). We found that C9-6 and 
C9 are inverse agonists for MRGPRX2 (Fig. 3c). A recent study suggested 
that substance P-induced inflammation and pain is at least partially 
mediated by MRGPRX2 rather than its canonical receptor, neurokinin-1 
receptor3 (NK1R). We demonstrated both C9-6 and C9 could inhibit 
MRGPRX2 activation stimulated by various endogenous peptides 
(Extended Data Fig. 7c), including substance P (Fig. 3d). Off-target 
profiling revealed no significant activity at a number of GPCRs, ion 
channels and transporters when screened at 10 μM (Supplementary 
Excel File 1). In addition, C9-6 and C9 display no antagonist activity 
towards NK1R (Fig. 3e) or MRGPRX4 (Fig. 3f, Supplementary Table 3), 
revealing them as potent and selective MRGPRX2 inverse agonists. 
Compound C9 and the inactive control C7 were further tested in mast 
cell degranulation assay; C9 inhibited (R)-ZINC-3573-stimulated LAD2 
human mast cell degranulation in a concentration-dependent manner 
(Fig. 3g).

Discovery of a potent MRGPRX4 agonist
Whereas the two acidic residues critical for the cationic agonist recog-
nition in MRGPRX2 are conserved in the highly similar MRGPRX family 
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receptors (Supplementary Fig. 1), the other three MRGPRX receptors 
are not reported to respond to cationic agonists. By contrast, MRGPRX4 
binds to negatively charged bile acids4,5. The differential sensitivities 
of charged agonists prompted us to solve the MRGPRX4 structure. 
Unfortunately, there were no sufficiently potent agonists available to 
stabilize MRGPRX4.

We previously identified the antidiabetic drug nateglinide, which 
modulates Kir6.2/SUR1 potassium channels, as a low micromolar  
agonist for MRGPRX412 and used it to demonstrate that MRGPRX4 is a 
Gq-coupling receptor. Upon reviewing the initial medicinal chemistry  
studies of nateglinide24, we synthesized a nateglinide analogue 
(referred to as X4-1) that was reported to be inactive at the potassium 
channel (Fig. 4a, Supplementary Data 2); X4-1 did not substantially 
alter the efficacy or potency when compared to nateglinide (Fig. 4b, 
Supplementary Table 6). An X4-1 analogue with reverse stereochem-
istry (X4-2) showed no agonist activity on MRGPRX4, while further 
modification by the addition of hydrophobic ethyl substituents to 
the cycloheptyl group of X4-1, namely X4-3, slightly increased MRG-
PRX4 activity (Fig. 4b, Supplementary Table 6). We then searched the 
ZINC database25 (http://zinc15.docking.org), prioritizing analogues 

with larger, bulkier and more hydrophobic substituents than X4-1.  
Following extensive screening of analogues, we identified compound 
MS47134 as a potent MRGPRX4 agonist (half-maximal effective con-
centration (EC50) = 149 nM) (Fig. 4b, Supplementary Table 6) with 
47-fold improved selectivity for MRGPRX4 over the Kir6.2/SUR1 
potassium channel (Extended Data Fig. 8a–i). Off-target profiling of 
MS47134 at 320 GPCRs showed activity only at MRGPRX4 and MRG-
PRX1 with no appreciable agonist or antagonist activity at the other 
318 tested GPCRs (Extended Data Fig. 8j). The activity against MRG-
PRX1 was not replicated in subsequent concentration–response assay  
(Supplementary Fig. 2); thus, MS47134 represents a selective MRG-
PRX4 agonist.

Structure of MRGPRX4–Gq complex
We then used MS47134 to obtain an MRGPRX4–MS47134–Gq structure 
at a resolution of 2.6 Å (Extended Data Fig. 2). The overall structure of 
MRGPRX4 resembles MRGPRX2 at the intracellular side (Extended 
Data Fig. 9a, d). However, the extracellular tip of TM3 in MRGPRX4 
was displaced 5.2 Å inward compared with MRGPRX2, resulting in a 
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activation in a FLIPR Ca2+ assay. Data are mean ± s.e.m. of n = 3 biological 
replicates. e, f, C9 and C9-6 exhibit no antagonist activity towards NK1R (e) and 
MRGPRX4 (f) in the FLIPR Ca2+ assay. C7 is used as a negative control. Data are 
mean ± s.e.m. of n = 3 biological replicates. g, C9 inhibits MRGPRX2-mediated 
LAD2 mast cell activation. Data are mean ± s.e.m. Samples were run in 
quadruplicate with n = 2 biological replicates.

http://zinc15.docking.org
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compact binding pocket for MS47134 (Fig 4c). Additionally, the ECL2 
of MRGPRX4 shifts into the orthosteric pocket with W158ECL2 inserted 
right between TM3 and TM6 (Fig. 4c), making D1775.38 and E1574.60, 
the two equivalent acidic residues that are critical for cationic ago-
nist recognition in MRGPRX2, solvent-inaccessible (Extended Data 
Fig. 9e, f). This could explain the apparent insensitivity of MRGPRX4 
to cationic agonists. By contrast, the MRGPRX4 binding pocket has 
an overall positive electrostatic potential surface (Fig. 4d), which is 
likely to facilitate the binding of its endogenous agonists—negatively 
charged bile acids4. Because the agonist binds very close to the extra-
cellular surface, the electron microscopy density for the phenyl group 
of MS47134 was not well-resolved in the complex map. We were then 
able to do a local refinement for the receptor-only region during revi-
sion, substantially improving the map quality with a clear MS47134 
density for unambiguous modelling. In this improved model, MS47134 
binds to MRGPRX4 distantly from the canonical orthosteric binding 
site seen in biogenic amine receptors (Fig. 4e, Extended Data Fig. 6c), 
with its 3,5-dimethyl-adamantyl group anchored by K963.26, V993.29, 
W158ECL2, Y2406.59, Y2507.31 and Y2547.35 (Fig. 4f). The carboxyl group 
of MS47134 mainly forms charge interactions with R822.60, while its 

phenyl group interacts with L983.28, R953.25, M1023.32 and R822.60 through 
non-polar interactions (Fig. 4f). Mutagenesis studies support the pose 
of MS47134 in the binding pocket, as most of the mutations surrounding 
MS47134 greatly affected its potency (Fig. 4g, Supplementary Table 7). 
Of note, Leu832.61—which is annotated in the reference sequence—is 
highly polymorphic and is replaced by Ser832.61 in many individuals. A 
L83S mutation greatly attenuated the potency of both MS47134 and 
nateglinide (Supplementary Fig. 3), suggesting that side effects of 
MRGPRX4-mediated itch may be less common in individuals with the 
L83S mutation.

The interactions between MRGPRX4 and Gq resemble those in the 
MRGPRX2–Gq structure (Extended Data Fig. 9a–d), the only major dif-
ference being that Y243H5.23 of Gq adopts different side-chain conforma-
tions to interact with Y130ICL2 upon coupling to MRGPRX4, probably 
resulting from the strong interaction between V612.39 of MRGPRX4 and 
Y243H5.23 of Gq (Extended Data Fig. 9g). A Y130ICL2A mutation reduced 
the agonist potency of MS47134 while the Y137ICL2A mutation in MRG-
PRX2 has little effect (Extended Data Fig. 9h, i), suggesting that the 
interaction between Y130ICL2 and Gq α5-helix residue Y243H5.23 is more 
important for Gq activation in MRGPRX4.
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Fig. 4 | Agonist discovery and the cryo-EM structure of MRGPRX4. 
 a, Overview of compound optimization leading to the discovery of MS47134.  
b, MS47134 exhibited increased potency as a MRGPRX4 agonist in the FLIPR 
Ca2+ assay compared with nateglinide. Data are mean ± s.e.m. of n = 3  
biological replicates. c, Structural comparison of MRGPRX4 and MRGPRX2. 
Displacements of the extracellular part of MRGPRX4 relative to MRGPRX2 are 
highlighted with red arrows. MRGPRX4 and MRGPRX2 are shown in green and 
cyan, respectively. MS47134 is shown as salmon sticks. d, Electrostatic surface 

representation of the MRGPRX4 extracellular pocket calculated using the APBS 
plugin in PyMOL. Red, negative (−5 kT e−1); blue, positive (+5 kT e−1). e, MS47134 
binds to MRGPRX4 on the extracellular side far from the canonical toggle 
switch W6.48 in 5-HT2AR. MS47134 and the 5-HT2AR agonist 25CN-NBOH are 
shown as sticks. f, Molecular interactions in the MS47134 pocket with 
surrounding residues shown as sticks. g, Alanine substitution on key residues 
in the MS47134 pocket impairs MS47134 mediated Gq activation. Data are 
mean ± s.e.m. of n = 3 biological replicates.
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Discussion
The cryo-EM structures of MRGPRX2 and MRGPRX4 highlight unique 
aspects of signalling by the MRGPRX subfamily of GPCRs, and provide a 
template for the discovery and mechanistic understanding of selective 
chemical tools with which their function can be probed to inform the 
design of new therapeutic agents. From a signalling perspective, the 
MRGPRXs lack many of the canonical motifs associated with signal-
ling and ligand recognition in family A GPCRs. The structures reveal 
that MRGPRX2 and MRGPRX4 agonists bind close to the extracellular 
solvent, over 10 Å 'higher' than the orthosteric sites of most family A 
GPCRs (Extended Data Fig. 6c). This in turn reflects the replacement of 
the conserved ‘toggle’ residue W6.48 by G6.48 in both receptors, shifting 
TM6 towards TM3 and precluding agonist binding at the canonical site. 
As MRGPRX2 and MRGPRX4 agonists are located far away from G6.48, 
G6.48 no longer acts as a toggle switch to sense the ligand and initiate 
conformational changes required for receptor activation. This suggests 
that there is a unique ligand-transduction mechanism in MRGPRX fam-
ily receptors, which might require the formation of a MRGPR-specific 
TM4–TM5 disulfide bond.

MRGPRX2 and MRGPRX4 have been implicated in mediating itch4,26, 
neurogenic inflammation3, atopic dermatitis27, ulcerative colitis28, pref-
erence for menthol cigarettes29, pain30 and several mast cell-mediated 
responses31. The relatively potent agonists and antagonists described 
here provide chemical probes to explore the biology of these receptors, 
and the structures will accelerate the search for specific therapeutic 
agents targeting MRGPRs.
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Methods

Generation of MRGPRX2, MRGPRX4, Gi1 heterotrimer and Gq 
heterotrimer constructs
Genes for human MRGPRX2 (UniProtKB-Q96LB1) and human MRG-
PRX4 (UniProtKB-Q96LA9) were individually cloned into a modified 
pFastBac1 vector which contains a hemagglutinin (HA) signal peptide 
followed by a Flag-tag, His10-tag, and a TEV protease site at the N ter-
minus. To facilitate protein expression and subsequent purification, 
thermostabilized apocytochrome b562RIL (BRIL) and HRV3C protease 
sites were introduced at the N terminus of the receptor. For Gq protein, 
we used the same mini-GαqiN heterotrimer construct as used for the 
5HT2AR–Gq complex32. For Gi1 protein, a dominant-negative human Gαi1 
and Gβ1γ2 subunits were cloned into pFastbac1 and pFastDual vector 
individually as previously reported33.

Expression of receptor–G protein complex
The Bac-to-Bac Baculovirus Expression System (Invitrogen) was used 
to generate recombinant baculovirus for protein expression. Prior 
to infection, viral titres were determined by flow-cytometric analysis 
of cells stained with gp64-PE antibody (Expression Systems). For the 
MRGPRX2–Gi1 complex, MRGPRX2, dominant-negative Gi1 and Gβ1γ2 
were co-expressed by infecting Tni cells at a density of 2 million cells 
per ml with P1 baculovirus at multiplicity of infection (MOI) ratio of 
2.5:1:1. Cells were collected by centrifugation 48 h after infection and 
stored at −80 °C for future use. For the MRGPRX2–Gq and MRGPRX4–
Gq complex, both MRGPRX2 and MRGPRX4 were co-expressed with 
mini-GαqiN heterotrimer by infecting Tni cells at a density of 2 million 
cells per ml with P1 baculovirus at an MOI ratio of 3:1.5, respectively. 
Cells were collected by centrifugation 48 h after infection and stored 
at −80 °C for future use.

scFv16 expression and purification
The scFv16 gene was cloned into a modified pFastBac1 vector, expressed 
and purified as previously reported34 . In brief, supernatant containing 
secreted scFv16 from baculovirus-infected Sf9 insect cells was collected 
by centrifugation at 96 h after infection. The pH of the medium was 
adjusted to 7.8 by adding Tris powder. Chelating agents were quenched 
by addition of 1 mM nickel chloride and 5 mM calcium chloride and 
stirring at room temperature for 1 h. After another centrifugation, the 
supernatant was incubated with 1 ml His60 Ni Superflow Resin (Takara) 
overnight at 4 °C. The resin was collected next day and washed with 20 
column volumes of 20 mM HEPES pH 7.5, 500 mM NaCl, 10 mM imida-
zole. The protein was eluted with 20 mM HEPES pH 7.5, 100 mM NaCl, 
250 mM imidazole and further purified by size-exclusion chromatog-
raphy using a Superdex 200 16/60 column (GE healthcare). The peak 
fraction was collected and concentrated to 2 mg ml−1 for future use.

Receptor–G protein complex purification
The pellet of cells expressing MRGPRX2–Gq complex was thawed 
on ice and incubated with a buffer containing 20 mM HEPES pH 7.5, 
50 mM NaCl, 1 mM MgCl2, 2.5 units of Apyrase (NEB) and proteinase 
inhibitor at room temperature. After 1.5 h, the cell suspension was 
homogenized with a dounce homogenizer. Membranes were col-
lectedby centrifugation at 25,000 rpm for 30 min using a Ti45 rotor 
(Beckman) and solubilized using 40 mM HEPES pH 7.5, 100 mM NaCl, 
5% (w/v) glycerol, 0.6% (w/v) lauryl maltose neopentyl glycol (LMNG), 
0.06% (w/v) cholesteryl hemisuccinate (CHS) for 5 h at 4 °C with 500 µg 
scFv16. The solubilized proteins in the supernatants were isolated by 
ultracentrifugation at 32,000 rpm for 30 min using a Ti70 rotor, and 
then incubated overnight at 4 °C with Talon IMAC resin (Clontech) and 
20 mM imidazole. The resin was collected next day and washed with 25 
column volumes 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. 
The protein was then eluted using the same buffer supplemented with 

250 mM imidazole. Eluted protein was concentrated and subjected to 
size-exclusion chromatography on a Superdex 200 Increase 10/300 col-
umn (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 
collected and incubated with 15 µl of His-tagged PreScission protease 
(GeneScript) and 2 µl PNGase F (NEB) at 4 °C overnight to remove the 
N-terminal BRIL and potential glycosylation. The protein was concen-
trated and further purified next day by size-exclusion chromatography 
using a same buffer. Peak fractions were collected and concentrated 
to 3–5 mg ml−1. 200 µM (R)-ZINC-3573 or 100 µM Cortistantin-14 was 
added to the concentrated complex sample and incubate at cold room 
for 2 h prior to grid-making. The same protocol was also used for the 
purification of MRGPRX2-Gi1 complex, except that the N-terminal Bril 
was not removed by adding PreScission protease. The MRGPRX4–Gq 
complex was purified using a same protocol as for the MRGPRX2–Gi1 
complex except 20 µM MS47134 was added throughout the purification 
to stabilize the complex. The protein was then concentrated to 5 mg 
ml−1 and incubated with 200 µM MS47134 for 2 h prior to grid making.

Cryo-EM data collection and 3D reconstitution
The samples (3.2 µl) were applied to glow discharged Quantifoil 
R1.2/1.3 Au300 holey carbon grids (Ted Pella) individually and were 
flash frozen in a liquid ethane/propane (40/60) mixture using a Vitro-
bot mark IV (FEI) set at 4 °C and 100% humidity with a blot time range 
from 2.5 to 5 s. Images were collected using a 200 keV Talos Artica 
with a Gatan K3 direct electron detector at a physical pixel size of 
0.91 Å. Micrograph-recorded movies were automatically collected 
using SerialEM using a multishot array35. 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 s in 60 subframes 
to give a total exposure dose of ~50 electron per Å2. All subsequent 
three-dimensional classification and refinement steps were performed 
within cryoSPARC36,37. Following manual inspection and curation of 
the micrographs after patch-based motion correction and contrast 
transfer function (CTF) estimation, particles from each dataset were 
selected using Blob particle picker and initial 2D classification yielded 
templates for subsequent template picking. A subset of the selected 
particles was used as a training set for Topaz and the particles were 
repicked from the micrographs using Topaz38 and subjected to 2D and/
or 3D classification. The picked particle coordinates from the three sets 
were merged yielding a subset of unique particle that survived 2D clas-
sification (that is, duplicates were removed with a radius of 100 pixels). 
Multiple rounds of multi-reference refinement resolved final stack of 
particles that produced a map with a resolution reported in Extended 
Data Table 1 (by Fourier shell correlation (FSC) using the 0.143 Å cut-off 
criterion)39 after Global CTF refinement and post-processing includ-
ing soft masking, B-factor sharpening in cryoSPARC and filtering by 
local resolution40 to generate the post-processed sharpened map. 
Alternative post sharpening was performed on the two half-maps using 
deepEMhancer41. For MRGPRX4, a local refinement for the receptor 
only region was performed to improve the map quality for the ligand 
binding pocket to assist modelling. Angular orientation distribution 
was plotted using either cryoSPARC or cisTEM42. For more details see 
Extended Data Fig. 2, 3 and Extended Data Table 1.

Model building and refinement
Maps from deepEMhancer were used for map building, refinement 
and subsequent structural interpretation. The dominant-negative Gi1 
trimer model was adapted from the cryo-EM structure of the CB2–Gi1 
complex (PDB 6PT0)43. Gq trimer and scFv16 model was taken from the 
5-HT2AR–Gq complex (PDB 6WHA)32. The G proteins and scFv16 were 
docked into the cryo-EM map using Chimera44. The receptor model of 
MRGPRX2 and MRGPRX4 were manually built in Coot45, followed by sev-
eral rounds of real-space refinement using Phenix46. For cortistatin-14 



in the MRGPRX2–Gq complex, residues 3–8 were modelled according 
to the map density. For the cortistatin-14 of MRGPRX2-Gi1 complex, 
residues 2–6 were modelled. The binding pose of MS47134 is validated 
by GemSpot47. The model statistics was validated using Molprobity48. 
Structural figures were prepared using Chimera or Pymol (https://
pymol.org/2/).

FLIPR Ca2+ assay
The FLIPR Ca2+ assay was used for all the drug screening for MRGPRX2, 
MRGPRX4 and NK1R. Tetracycline-inducible MRGPRX2 or MRGPRX4 
stable cells (Flp-In T-REx−293 cells, derived from HEK 293 cells (ATCC, 
CRL 1573)) were maintained in DMEM containing 10% (v/v) FBS, 100 
units ml−1 penicillin G, 100 μg ml−1 streptomycin, 100 μg ml−1 hygro-
mycin B, and 15 μg ml−1 blasticidin16. Cells stably expressing NK1R were 
maintained in DMEM containing 10% (v/v) FBS, 100 units ml−1 penicillin 
G and 100 μg ml−1 streptomycin. On the day of assay, cells were plated 
into poly-l-lysine-coated 384-well black clear bottom cell culture plates 
with DMEM buffer, which is composed of 1% (v/v) dialysed FBS, 100 
units ml−1 penicillin G, 100 μg ml−1 streptomycin with 1 μg ml−1 tetra-
cycline at density of 20,000 cells in 40 µl per well for overnight. For 
NK1R stable cells, the same media used for MRGPRX2 or MRGPRX4 
cells except the tetracycline were used. Medium was removed and cells 
were incubated with 20 μl of calcium dye (FLIPR Calcium 4 Assay Kit; 
Molecular Devices) diluted in assay buffer (1× HBSS, 2.5 mM probenecid, 
20 mM HEPES, pH 7.4) for 1 h at 37 °C and 20 min at room tempera-
ture in the dark. To measure agonist activity of receptors, drug plates 
were prepared with increasing concentrations of test compound at 
3 times the desired final concentration using drug buffer (1 × HBSS, 
20 mM HEPES, 0.1% (w/v) BSA, pH 7.4). Once loaded in FLIPR (Molecular 
Devices), basal fluorescence was measured for 10 s, then 10 μl of test 
compounds were added followed by continued fluorescence measure-
ment for an additional 120 s. When measuring antagonist activity of 
receptors, drug plates were prepared with increasing concentrations 
of test compound at 4 times the desired final concentration, added as 
above for their potential effects on basal levels for 120 s first, followed 
by a 15-min incubation before addition of 10 μl of 4× reference agonist 
at final concentration corresponding to the EC80, which was indicated 
in the title of each graph. Data were normalized to percentage of the 
reference compound stimulation and analysed using nonlinear regres-
sion (log(agonist) versus response) in GraphPad Prism 9.0.

BRET2 assay
Agonist-stimulated G-protein activation of both MRGPRX2 and MRG-
PRX4 mutants was performed by BRET2 assay using transient transfec-
tion. HEK 293T cells were plated either in six-well dishes containing 
350,000–400,000 cells per well, or 10-cm dishes at approximately 
2 million per dish 20–24 h prior to transfection. The cells were then 
transfected with a 2:1:2:2 ratio of the receptor:GαrLuc8:Gβ:GγGFP 
DNA. TransIT 2020 (Mirus biosciences) was used to complex the 
DNA at a ratio of 3 µl TransIT per µg DNA, in OptiMEM (GIBCO) at 
a concentration of 10 ng DNA per µl OptiMEM. After 24 h, the cells 
were plated in poly-l-lysine-coated 96-well white clear bottom cell  
culture plates in plating media (DMEM + 1% dialyzed FBS) at a density 
of 40,000–50,000 cells in 200 µl per well and incubated overnight. 
The next day, the medium was carefully aspirated and cells were 
washed once with 60 µl of drug buffer (1× HBSS, 20 mM HEPES, 0.1% 
(w/v) BSA, pH 7.4), then 60 µl drug buffer containing coelenterazine 
400a (Nanolight Technology) at 5 μM final concentration was added 
to each well and incubate for 5 min. Cells were then treated with 30 µl 
of 3× designated drug for an additional 5 min. After drug incubation, 
plates were read in an LB940 Mithras plate reader (Berthold Tech-
nologies) with a 395 nm (RLuc8-coelenterazine 400a) and 510 nm 
(GFP2) emission filters, and 1 s integration times. Each plate was read 
four times, and measurements from the fourth read were used in all 
analyses. BRET ratio was computed as the ratio of the GFP2 emission 

to rLuc8 emission. Data were normalized to percentage of wild-type 
stimulation with indicated reference agonist and analysed using  
nonlinear regression (log(agonist) versus response) in GraphPad 
Prism 9.0. The variable slope of log(agonist) versus normalized 
response was used for (R)-ZINC-3573 pocket mutations (D184A, E164A, 
W243A, F244A, L247A and W248A).

BRET1 assay
To test the inverse agonist activities of MRGPRX2 compounds, a BRET1 
recruitment assay was performed. Human MRGPRX2 containing 
C-terminal Renilla luciferase (RLuc8), and Venus-tagged miniGq were 
co-transfected at a ratio of 1:5 using HEK 293T cells. After 20–24 h, trans-
fected cells were plated into poly-l-lysine coated 96-well clear bottom 
white plates in plating medium (DMEM + 1% (v/v) dialysed FBS). The 
next day, medium was decanted and cells were washed once with 60 µl 
drug buffer (1× HBSS, 20 mM HEPES, 0.1% (w/v) BSA, pH 7.4), then 60 µl 
drug buffer containing 5 μM coelenterazine h (Promega) was added to 
each well and incubate for 5 min. Cells were then treated with 30 µl of 3× 
designated drug for an additional 5 min. After drug incubation, plates 
were read in a LB940 Mithras plate reader (Berthold Technologies) for 
both luminescence at 485 nm and fluorescent eYFP emission at 530 nm 
for 1 s per well. The eYFP/RLuc ratio was calculated per well and the 
net BRET ratio was calculated and fitted using log(inhibitor) versus 
response in GraphPad Prism 9.0 to represent the inhibitory effect of 
MRGPRX2 compound.

Inhibition screen
Binding assays were performed by the NIMH Psychoactive Drug Screen-
ing program as described previously49. Detailed binding assay pro-
tocols are available at https://pdspdb.unc.edu/pdspWeb/content/
UNC-CH%20Protocol%20Book.pdf.

Human mast cell activation assay
Mast cell activation was assessed by measuring extracellular release of 
β-hexosaminidase, a major component of mast cell granules. To assay 
human mast cell β-hexosaminidase release, LAD2 human mast cells 
were seeded at a concentration of 2 × 105 cells per well in 96-well plates 
in Tyrode’s buffer (100 µl). Fifteen minutes before activation, varying 
concentrations of either C7 or C9 were added to the wells to reach a 
total volume of 190 µl. For activation, (R)-ZINC-3573 (10 µl, 2 µM) was 
added to each well for 30 min at 37 °C. Separate wells received either 
buffer (buffer control), 0.1% Triton X-100 (total β-hexosaminidase 
control), or (R)-ZINC-3573 alone (positive control) for the same 
amount of time. Thirty microlitres of the supernatant were then 
removed from each well and added to 10 µl of NAG substrate solution 
(p-nitrophenyl-N-acetyl-β-d-glucosaminide) and incubated for 1 h at 
37 °C. Carbonate buffer (100 µl) was then added to each well and the 
absorbance of each well was immediately measured at 405 nm using a 
plate reader. Percent degranulation (%) was calculated as follows: (Treat-
ment release − buffer release)/(total release − buffer release)) × 100. 
Samples were run in quadruplicate and each compoundwas assayed 
in at least two independent experiments. Data were analysed using 
GraphPad Prism 9.0.

GPCRome screening
Screening of compounds against the PRESTO-Tango GPCRome was 
accomplished using previously described methods with several modi-
fications50. First, HTLA cells were plated in white 384-well clear bot-
tom plates (Greiner) in DMEM (Sigma) with 1% (v/v) dialysed FBS and 
10 U ml−1 penicillin-streptomycin (Gibco). After 24 h, the cells were 
transfected using PEI (Sigma) with an in-plate adapted method51. In 
brief, 17 ng per well PRESTO-Tango GPCR DNAs was resuspended in 
OptiMEM (Gibco) and hybridized with PEI prior to dilution and dis-
tribution into 384-well plates and subsequent addition to cells. After 
overnight incubation, MS47134 at 5× final concentration (3 µM) diluted 
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in DMEM with 1% (v/v) dialysed FBS were added to cells without replace-
ment of the medium for 18–20 h. On the day of assay, medium and drug 
solution were dumped and loaded with 20 ul per well of Bright-Glo 
reagent (Promega). Plates were incubated for 20 min in the dark and 
the luminescence was counted for cells using SpectraMax Lumines-
cence reader. Dopamine receptor D2 serves as an assay control with 
0.1 mM Quinpirole. Data were analysed using GraphPad Prism 9.0. For 
MRGPRX1 for which activity was increased to more than threefold of 
basal levels of relative luminescence units, assays were repeated as a full 
dose–response assay. Activity for MRGPRX1 could not be confirmed, 
and we dismissed the activity seen in the single-point assay.

Surface expression
Cell-surface expression of MRGPRX2 and its mutants (or MRGPRX4 
and its mutants) were measured using ELISA chemiluminescence. 
In brief, 48-h post-transfected cells plated in 384 white-well plates 
were fixed with 20 µl per well 4% (v/v) paraformaldehyde for 10 min at 
room temperature. The cells were then washed with 40 µl per well of 
phosphate buffered saline (PBS) twice then incubated with 20 µl per 
well 5% (v/v) BSA (bovine serum albumin) in PBS for 1 h. Cells are incu-
bated with an anti-Flag–horseradish peroxidase-conjugated antibody 
(Sigma-Aldrich, A8592) diluted 1:10,000 in 5% (v/v) BSA in PBS for 1 h 
at room temperature. After washing 5 times with 80 µl per well PBS, 
20 µl per well Super Signal Enzyme-Linked Immunosorbent Assay Pico 
Substrate (Thermo Fisher, 37070) was added to well for the develop-
ment of signal and the luminescence was counted using a PHERAstar 
FSX (BMG Labtech). The luminescence signal was analysed in GraphPad 
Prism 9.0 and data were normalized to the signal of wild-type MRGPRX2 
(or wild-type MRGPRX4). Cell-surface expression data of MRGPRX2 
and MRGPRX4 mutants are shown in Supplementary Fig. 4. Up to a 
50% reduction in protein expression was observed for some mutants. 
To determine how differences in receptor expression would affect the 
signalling, we transfected the cells with different amounts of wild-type 
MRGPRX2 pcDNA plasmid (50, 100, 200 and 400 ng). The resulting 
BRET2 curves of these transfections were nearly identical, with only 
modest changes of EC50 and Emax values observed (Supplementary 
Fig. 5), thereby demonstrating that the BRET2 assay is relatively insensi-
tive to protein expression level.

Structure–activity relationship analysis for ZINC16991592 and X4-1
Preliminary structure–activity relationship (SAR) studies on the antago-
nist ZINC16991592 demonstrated that better antagonists could be 
developed against MRGPRX2 with higher selectivity. We sought to 
improve the affinity of ZINC16991592 in different scaffoldclasses. 
To do so, we used ZINC16991592 as template to search the 28 billion 
make-on-demand library of the Enamine REAL database usingSmall-
World similarity (https://sw.docking.org/, NextMove Software) and 
arthor substructure (http://arthor.docking.org) search engines. Of 
the 200,000 analogues resulting from the database search, these 
were filtered on the basis of molecular mass <320 Da and ECFP4-based 
Tanimoto coefficient (Tc) >0.35) against ZINC16991592. The result-
ing molecules were manually inspected for favourable changes in the 
compound with respect to ZINC16991592. During selection of mol-
ecules, we explored substitutions both on the pyridine ring as well as 
the quinazole ring. Substitutions in the pyridine ring involved moving 
around nitrogen in the pyridine ring, addition of halogens at ortho, meta 
or para positions, replacing the pyridine ring with benzene, isoxazole, 
1-methylimidazole, thiazole, tetralone, thiophene and furan. Substitu-
tions on the quinazole ring included replacement of 2-sulfanylidene-1
,3-dihydroquinazolin-4-one with 1,3 dihydroquinazoline‐2,4‐dione 
or making the quinazole ring bigger with addition of another ring. 
Substitution of the pyridine ring with thiazole (C9) and furan (C9-6) 
resulted in the most potent and selective antagonist against MRG-
PRX2. The analogues with substitutions in the quinazole ring showed 
minimal antagonist activity against MRGPRX2, suggesting a tight SAR 

around this ring. All the compounds in MRGPRX2 SAR study were pur-
chased from Enamine (Supplementary Data 1). To identify commer-
cially available X4-1 analogues, we used substructure searches on the 
2-acetylaminopropanoic acid core in ZINC15. Each substituent vector 
was systematically held constant or varied in multiple substructure 
searches to identify analogues, which were then clustered using ECFP4 
fingerprints in RDKit. Diverse pharmacophoric feature representatives 
for each vector were identified for prioritization, using a design of 
experiment to ensure coverage of combinations. All the compound 
structures were drawn with ChemDraw 20.0.

Electrophysiology
HEK 293 cells were cultured in DMEM with 4.5 g l−1 glucose, l-glutamine 
and sodium pyruvate (Mediatech) containing 10% (v/v) FBS (Axenia 
BioLogix) and 1% (v/v) penicillin-streptomycin, at 37 °C and with 5% CO2. 
Cells were lifted with trypsin-EDTA (Life Technologies) and passaged 
to 6-well plates (Warner Instruments) 3–4 days before recording. Tran-
sient transfection was performed with Lipofectamine 2000 (Thermo 
Fisher Scientific) 2 days before recording. The plasmids of human Kir6.2 
and SUR1 were a gift from S.-L. Shyng (Oregon Health and Science Uni-
versity), and we fused mCherry fluorescent protein to the C-terminus 
of Kir6.2. The vector ratio for co-transfection of Kir6.2 to SUR1 was 1:10. 
Before recording, cells were lifted with trypsin-EDTA, kept in modified 
Tyrode’s saline (140 mM NaCl, 5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 
1 mM MgCl2, 10 mM glucose, pH 7.2–7.3 with HCl), and were used within 
8 h. For recording, an aliquot of cells was transferred to a recording 
chamber on a Nikon TE2000 Inverted Scope (Nikon Instruments), and 
transfection was confirmed with fluorescence microscopy. The pipette 
solution contained: 145 mM KCl, 1 mM MgCl2, 5 mM EGTA, 2 mM CaCl2, 
20 mM HEPES, 0.3 mM K2-ATP and 0.3 mM K2-ADP. Patch borosilicate 
pipettes (Sutter Instruments) were pulled from a Sutter P-97 puller 
with resistances of 2–3 MΩ. Data were acquired using a Axopatch 200B 
amplifier controlled by Clampex 10.2 via Digidata 1550A (Axon Instru-
ments), sampled at 10 kHz, filtered at 2 kHz. Membrane capacitance 
was around 15 pF. Rs was around 5 MΩ. The membrane potential was 
held at −80 mV and a ramp to +80 mV (1 mV ms−1) was applied every 
second. Bath was switched to 150 mM KCl, 10 mM HEPES, 2 mM CaCl2, 
and the chemical to be tested was dissolved in it and puffed with VC3-
8xP pressurized perfusion system (ALA Science). For each solution, 
final pH was adjusted to 7.2–7.3 with KOH, NaOH or HCl, depending 
on the original pH and the major ion. The osmolality of each solution 
was 290–310 mOsm kg−1. All recordings were performed at room tem-
perature (22–24 °C). Unless specified, all chemicals were purchased 
from Sigma-Aldrich.

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

Data availability
The coordinate and cryo-EM map of MRGPRX2–Gq–cortistatin-14, 
MRGPRX2–Gi1–cortistatin-14, MRGPRX2–Gq–(R)-ZINC-3573, MRG-
PRX2–Gi1–(R)-ZINC-3573 and MRGPRX4–Gq–MS47134 have been 
deposited to PDB (EMDB) with accession codes 7S8L (EMD-24896), 
7S8M (EMD-24897), 7S8N (EMD-24898), 7S8O (EMD-24899) and 7S8P 
(EMD-24900), respectively. The cryoEM micrographs of MRGPRX4–Gq–
MS47134, MRGPRX2–Gq–cortistatin-14, MRGPRX2–Gq–(R)-ZINC-3573, 
MRGPRX2–Gi1–cortistatin-14 and MRGPRX2–Gi1–(R)-ZINC-3573 have 
been deposited in the EMPIAR database (https://www.ebi.ac.uk/
empiar/) with accession numbers EMPIAR-10852, EMPIAR-10853, 
EMPIAR-10854, EMPIAR-10855 and EMPIAR-10856, respectively. The 
MRGPRX2 antagonist C9 and C9-6 and negative control C7, and the 
MRGPRX4 agonist MS47134 and negative control X2-2 will be made 
available via Sigma-Millipore. 
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Extended Data Fig. 1 | MRGPRX2 transducerome screening using 
TRUPATH. a, MRGPRX2 effectively couples to 14 distinct G proteins upon 
stimulation of agonists (R)-ZINC-3573 and cortistatin-14 (C-14) in HEK 293T 
cells. Net BRET values of MRGPRX2 together with positive controls of either 
neurotensin receptor 1 (NTSR1, agonist NT1-13) or β2AR (agonist isoproterenol) 

are shown in each panel. Data represent mean ± s.e.m. of n = 3 biological 
replicates. b, Heatmap of the relative log potency (logEC50) of (R)-ZINC-3573 
and cortistatin-14 for 14 distinct G proteins. c, Heatmap of the relative efficacy 
(Emax) of (R)-ZINC-3573 and cortistatin-14 for 14 distinct G proteins.



Extended Data Fig. 2 | CryoEM images and data-processing of 
MRGPRX2-Gq-(R)-ZINC-3573, MRGPRX2-Gi1-(R)-ZINC-3573 and 
MRGPRX4-Gq-MS47134 complex. a–c, Representative motion corrected 
cryo-EM micrographs (scale bar, 100 nm) of respective ligand bound GPCR 
heterotrimeric complex particles imaged at a nominal 45k x magnification and 
representative two-dimensional class averages. The experiment was repeated 
three times with similar result. The exact number of movies and particles used 

for each complex are shown in the flow chart. d–f, Flow chart of cryo-EM data 
processing, GSFSC plot of auto-masked final map (black) and map-to-model 
real-space cross correlation (red) as calculated form phenix.mtriage.  
g–i, Respective polar plots of particle angular distributions and local 
resolution estimations heat maps. j–l, Local cryo-EM density maps of TM1-7, 
respective ligands, and α5 and αN helix of respective G-protein.
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Extended Data Fig. 3 | CryoEM images and data-processing of 
MRGPRX2-Gq-Cortistatin-14 and MRGPRX2-Gi1-Cortistatin-14 complex. 
 a, b, Representative motion corrected cryo-EM micrograph (scale bar, 100 nm) 
of MRGPRX2 G-protein cortistatin-14 (C14) particles imaged at a nominal  
45k x magnification and representative two-dimensional class averages.  
The experiment was repeated three times with similar result. The exact number 
of movies and particles used for each complex are shown in the flow chart.  

c, d, Flow chart of cryo-EM data processing.  GSFSC plot of auto-masked final 
map (black) and map-to-model real-space cross correlation (red) as calculated 
form phenix.mtriage.  e, f, Viewing direction distribution and local resolution 
estimation heat maps. g, h, Local cryo-EM density maps of TM1-7, Cortistatin-14 
ligand, α5 and α N helix of respective G-protein.  Also shown inset are residues 
W151 and F82 of the b-subunit (blue).



Extended Data Fig. 4 | Structural comparison of Gq- and Gi1-coupled 
MRGPRX2 complex. a, b, Structural comparison of the MRGPRX2-Gi1- 
cortistatin-14 complex (blue) with MRGPRX2-Gq-cortistatin-14 complex (cyan). 
Top view for the key interactions in sub-pocket 1 (a). Side view to show the 
overall conformational of cortistatin-14 (b). c–e, structural comparison of 
MRGPRX2-Gi1-(R)-ZINC-3573 complex with MRGPRX2-Gq-(R)-ZINC-3573 
complex. Gi1 and Gq are shown in green and salmon, respectively. Gi1-coupled 
MRGPRX2 and Gq-coupled MRGPRX2 are shown in blue and cyan, respectively. 
Side view of the whole complex (c), top view (d) and bottom view (e) of 
MRGPRX2. f, ICL3 of Gq is not clearly resolved in the Gq-coupled MRGPRX2 

complex. g, Close-up view of the ICL3 in the Gi1-coupled MRGPRX2 structure 
with surrounding EM map at a threshold of 0.14. h, i, MRGPRX2 ICL3 mutations 
R214ICL3A and L216ICL3A impair cortistatin-14 (h) and (R)-ZINC-3573 (i) stimulated 
Gi1 activation. Data represent mean ± s.e.m. of n = 3 biological replicates.  
j, k, BRET2 Gi1 assays reveal that I135ICL2A mutation of MRGPRX2 attenuates 
cortistatin-14 ( j) and (R)-ZINC-3573 (k) stimulated Gi1 activation. Data represent 
mean ± s.e.m. of n = 3 biological replicates. l–m, BRET2 Gq assays reveal that 
I135ICL2A mutation of MRGPRX2 greatly reduced cortistatin-14 (l) and 
(R)-ZINC-3573 (m) stimulated Gq activation. Data represent mean ± s.e.m. of  
n = 3 biological replicates.
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Extended Data Fig. 5 | Non-conserved motifs in Mas-related GPCRs and the 
critical role of acidic residues E1644.60 and D1845.38 in MRGPRX2 activation. 
a, Sequence alignment of the key residues in sodium site, DRY motif, PIF motif 
and CWxP motif, as well as residues involved in disulfide bond formation in 
Mas-related GPCRs. Class A conserved residues are highlighted in green.  
b, cryoEM map of the TM4-TM5 disulfide bond in MRGPRX2-Gq-(R)-ZINC-3573 
complex. c, d, Break of the TM4-TM5 disulfide bond by C1684.64A and C1805.34A 

mutations abolishes the cortistatin-14 stimulated Gq activation (c) and reduces 
the Emax of (R)-ZINC-3573 stimulated Gq activation by 60% (d). Data represent 
mean ± s.e.m. of n = 3 biological replicates. e–g, Compared with WT (e), 
E1644.60A (f) and D1845.38A (g) totally abolish the peptide stimulated Gq 
activation of MRGPRX2. Data represent mean ± s.e.m. of n = 3 biological 
replicates.



Extended Data Fig. 6 | Unique structural features of MRGPRX2 and 
MRGPRX4. a, MRGPRX2 and MRGPRX4 have a unique structural arrangement 
at the PIF motif compared with the G protein coupled active structures of 
5-HT2AR (PDB ID 6WHA), A2AR (PDB ID 5G53) and β2AR (PDB ID 3SN6). Residue 
5.50 shifts away from the TM3-TM6 interface and does not engage L3.40 and F6.44 
in MRGPRX2 and MRGPRX4. b, With G6.48, TM6 of both MRGPRX2 and 
MRGPRX4 packs closer to TM3 compared with the G protein coupled active 

structures of 5-HT2AR (PDB ID 6WHA), A2AR (PDB ID 5G53) and β2AR  
(PDB ID 3SN6), leading to an occluded canonical agonist binding pocket.  
c, (R)-ZINC-3573, cortistatin-14 and MS47134 bind to MRGPRX2 and MRGPRX4 
at a position that is far away from residue 6.48, respectively. Cortistatin-14 is 
shown as cartoon. Small molecule compounds of receptors are shown as 
spheres.
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Extended Data Fig. 7 | Analog screening and functional characterization of 
MRGPRX2 antagonists. a, b, Dose-response curves of initial 14 analogs of 
‘1592 (a) and 8 analogs of C9 (b) in the presence of EC80 concentration of 
(R)-ZINC-3573 using MRGPRX2 FLIPR Ca2+ assay. Data represent mean ± s.e.m. 

of n = 3 biological replicates. c, Dose-response curves of two potent MRGPRX2 
antagonists C9 and C9-6 and an inactive compound C7 in the presence of EC80 
of each MRGPRX2 peptide using MRGPRX2 FLIPR Ca2+ assay. Data represent 
mean ± s.e.m. of n = 3 biological replicates.



Extended Data Fig. 8 | Functional characterization of optimized MRGPRX4 
agonists. a, Dose-response curves of Kir6.2/SUR1 current inhibition by 
indicated chemicals. Data represent mean ± s.e.m. from n=4 biological 
replicates. b, d, f, h. Current-voltage relationships of whole-cell traces recorded 
in 150 mM KCl with the supplements of indicated chemicals of the labeled 
concentrations. c, e, g, Time courses showing the whole-cell-current responses 
to the indicated chemicals of the labeled concentrations. i, MRGPRX4 agonists 

X4-4 and MS47134 have a higher selectivity over Kir6.2/SUR1 channel 
compared with nateglinide. EC50 (nM) of each tested compound is shown.  
j, Screening of MS47134 across the GPCRome (at 320 receptors) using the 
PRESTO-Tango platform with 3 µM MS47134. Red dashed line indicated 
threefold of basal levels. Data represent mean ± s.e.m. of fold over basal for 
each receptor (n=4 technical replicates).
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Extended Data Fig. 9 | Structural comparison of Gq-coupled MRGPRX2 and 
MRGPRX4. a–d, Structural comparison of the MRGPRX4-Gq-MS47134 complex 
with the MRGPRX2-Gq-(R)-ZINC-3573 complex. The receptor and Gq protein of 
MRGPRX4-Gq complex are colored by green and blue, respectively. The 
receptor and Gq protein of MRGPRX2-Gq complex are colored by cyan and 
salmon, respectively. Side view (a), Close-up view of αN-ICL2 interaction region 
(b), α5 helix region (c), and the cytoplasmic side of receptors (d). e, The acidic 
residues E1574.60 and D1775.38 of MRGPRX4 are shielded by the inserted ECL2. 

Side chain of D177 is not resolved but modeled here for a better visual 
interpretation. f, Residues E1644.60 and D1845.38 of MRGPRX2 extend to the 
cationic agonists accessible pocket. g, Due to the variance in residue 2.39, 
Y243H5.23 of Gq adopts different side-chain conformations to interact with 
Y130ICL2 of MRGPRX4 and Y137ICL2 of MRGPRX2. h, i, BRET2 Gq assays for 
Y130ICL2A of MRGPRX4 (h) and Y137ICL2A of MRGPRX2 (i). Data represent  
mean ± s.e.m. of n = 3 biological replicates.



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

1 underfocus positive 2 Resolution estimates from cryoSPARC auto-corrected GSFSC
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection SerialEM V3.8.2

Data analysis cryoSPARC V3.1.0, Topaz 0.2.2, DeepEMhancer, Relion3.1, UCSF Chimera 1.15, cisTEM 1.0.0-beta, GemSpot, PyMol 2.4.1, Coot 0.9.5, 
MolProbity (built in phenix 1.18.2), Phenix 1.18.2, GraphPad Prism 9.0, ChemDraw 20.0. 
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- Accession codes, unique identifiers, or web links for publicly available datasets 
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- A description of any restrictions on data availability

The coordinate and cryoEM map of MRGPRX2-Gq-cortistatin-14, MRGPRX2-Gi1-cortistatin-14, MRGPRX2-Gq-(R)-ZINC-3573, MRGPRX2-Gi1-(R)-ZINC-3573 and 
MRGPRX4-Gq-MS47134 have been deposited to PDB and EMDB with accession code 7S8L (EMD-24896), 7S8M (EMD-24897), 7S8N (EMD-24898), 7S8O 
(EMD-24899) and 7S8P (EMD-24900), respectively. The cryoEM micrographs of MRGPRX4-Gq-MS47134, MRGPRX2-Gq-cortistatin-14, MRGPRX2-Gq-(R)-ZINC-3573, 
MRGPRX2-Gi1-cortistatin-14 and MRGPRX2-Gi1-(R)-ZINC-3573 have been deposited to EMPIAR database with accession number of EMPIAR-10852, EMPIAR-10853, 
EMPIAR-10854, EMPIAR-10855 and EMPIAR-10856, respectively.  PDB database (https://www.rcsb.org/) was used in this study to download the structures of 5-
HT2AR-Gq (PDB ID 6WHA), A2AR-miniGs (PDB ID 5G53),  β2AR-Gs (PDB ID 3SN6) and CB2-Gi complex (6PT0) for structural analysis.
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Sample size No statistical methods used to predetermine sample size. For cryoEM studies, the number of micrographs is determined by the available 
microscope time. For FLIPR, BRET and ELISA assays, three biologically independent experiments (n=3) were performed. For LAD2 human mast 
activation, two biologically independent experiments (n=2) was performed in quadruplicate. For  electrophysiology experiments, four 
biologically independent experiments (n=4) were performed. For the time-consuming  and labor-intensive GPCRome assay for 320 GPCRs, one 
biologically independent  experiment was performed with n=4 technical replicates. Only initial positive hits from GPCRome were then 
replicated in subsequent dose-response assay with three biologically independent experiments (n=3).

Data exclusions No data were excluded.

Replication For FLIPR, BRET and ELISA assays, three biologically independent experiments (n=3) were performed. For LAD2 human mast activation, two 
biologically independent experiments (n=2) was performed in quadruplicate. For the GPCRome assay, one biologically independent  
experiment was performed with n=4 technical replicates.  For  electrophysiology experiments, four biologically independent experiments 
(n=4) were performed. All attempts at replication were successful.

Randomization For cryoEM study, meshes on the grids with good ice thickness were randomly selected for data collection. For the functional assays including 
FLIPR, BRET, ELISA, GPCRome and electrophysiology experiments, randomization is not relevant as no group allocations were performed.

Blinding No blinding was performed in this study.  For both cryoEM structure determination and functional studies, blinding is not necessary  due to 
the nature of these experiments do not requires subject assessment of the data that may influence  the validity of the results.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used  gp64-PE antibody,  anti-FLAG–horseradish peroxidase–conjugated antibody

Validation gp64-PE (R-PHYCOERYTHRIN (R-PE)-conjugated mouse anti-baculovirus monoclonal antibody is from mouse clone AcV1 and used for 
baculovirus titration. Detailed information can be found at: https://expressionsystems.com/product/gp64-pe-antibody/ 
anti-FLAG–horseradish peroxidase–conjugated antibody is from mouse clone M2 and used for measuring protein expression on the 
surface of cells. Detailed information can be found at: https://www.sigmaaldrich.com/US/en/product/sigma/a8592

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293T cells were purchased from the American Type Culture Collection (ATCC, ATCC CRL-11268). LAD2 human mast cell. 
H3K293 Cells.Tetracycline-inducible MRGPRX2 and MRGPRX4  were generated according to manufacturer’s instructions from 
the FLP-IN/T-REX HEK-293 cells (Invitrogen, Cat#R78007) and were certified as HEK 293 cells. NK1R stably expressing CHO cell 
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lines are derived from Dr. James E. Krause's lab. LAD2 cells were supplied by Dr. A.S Kirshenbaum at NIAID. HTLA cells were a 
gift from R. Axel (Columbia University)

Authentication HEK293T cells were authenticated by the supplier (ATCC) using morphology and growth characteristics, and STR profiling. 
HEK293 cells were authenticated using morphologies and growth characteristics according to instructions on ThermoFisher 
website. LAD2 cells were authenticated by demonstrating degranulation by crosslinking of FceR1 and expression of CD34, 
CD63 and CD117. HTLA cells (a HEK293 cell line stably expressing a tTA-dependent luciferase reporter and a β-arrestin2-TEV 
fusion gene) were a gift from R. Axel and was authenticated by morphology, growth characteristics and the successful tango 
assay which demonstrates that both tTA-dependent luciferase reporter and a β-arrestin2-TEV fusion gene are presented in 
the cells.

Mycoplasma contamination HEK293T cells have been tested and shown to be free from mycoplasma (Hoechst DNA strain and Direct Culture 
methods employed).   HEK293 cells, NK1R stable cells, HTLA cells and LAD2 cells were not in particular tested for mycoplasma 
contamination

Commonly misidentified lines
(See ICLAC register)

None
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