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Abstract
Activation of MrgX2, an orphan G protein-coupled receptor expressed on mast cells, 
leads to degranulation and histamine release. Human MrgX2 binds promiscuously 
to structurally diverse peptides and small molecules that tend to have basic proper-
ties (basic secretagogues), resulting in acute histamine-like adverse drug reactions of 
injected therapeutic agents. We set out to identify MrgX2 orthologues from other 
mammalian species used in nonclinical stages of drug development. Previously, the 
only known orthologue of human MrgX2 was from mouse, encoded by Mrgprb2. 
MrgX2 genes of rat, dog (beagle), minipig, pig, and Rhesus and cynomolgus monkey 
were identified by bioinformatic approaches and verified by their ability to mediate 
calcium mobilization in transfected cells in response to the classical MrgX2 agonist, 
compound 48/80. The peptide GSK3212448 is an inhibitor of the PRC2 epigenetic 
regulator that caused profound anaphylactoid reactions upon intravenous infusion 
to rat. We showed GSK3212448 to be a potent MrgX2 agonist particularly at rat 
MrgX2. We screened sets of drug-like molecules and peptides to confirm the highly 
promiscuous nature of MrgX2. Approximately 20% of drug-like molecules activated 
MrgX2 (pEC50 ranging from 4.5 to 6), with the principle determinant being basic-
ity. All peptides tested of net charge +3 or greater exhibited agonist activity, includ-
ing the cell penetrating peptides polyarginine (acetyl-Arg9-amide) and TAT (49-60), a 
fragment of HIV-1 TAT protein. Finally, we showed that the glycopeptide antibiotic 
vancomycin, which is associated with clinical pseudo-allergic reactions known as red 
man syndrome, is an agonist of MrgX2.
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1  | INTRODUC TION

For more than a decade, it has been appreciated that MrgX2, a G 
protein-coupled receptor expressed by human mast cells,1 is prob-
ably responsible for the histamine release evoked by 48/80, a syn-
thetic polymer commonly used as a degranulating agent. However, 
the clinical relevance of this receptor was uncovered only recently, 
with conclusive identification of the previously elusive mouse 
MrgX2 homologue, encoded by Mrgprb2.2 Mice genetically deleted 
for Mrgprb2 were resistant to local histamine-like effects upon injec-
tion with several agents that cause injection-site reactions in man. 
Previous studies highlight the promiscuous nature of MrgX2, which 
can be activated by many synthetic small-molecules and peptides, 
including US Food and Drug Administration (FDA)-approved drugs, 
as well as endogenous antimicrobial peptides and neuropeptides.2-5 
We sought to investigate whether assets in nonclinical drug devel-
opment, that cause unexplained histamine-like and/or anaphylactoid 
effects in animals, interact with MrgX2. Based on our results, we 
considered whether MrgX2 should be included during assessment 
of secondary (off-target) pharmacology in the early stages of drug 
development.6

Human MrgX2 is encoded by MRGPRX2 (for Mas-related G pro-
tein-coupled receptor), a member of a large gene family divided into 
subclasses A to H, and X. MrgprD, MrgprE, MrgprF, and MrgprG sub-
classes contain a single gene per mammalian species with high se-
quence homology, and so are readily identified as an orthologous 
group.4 In contrast the MrgprA, MrgprB, and MrgprC subclasses are 
rodent-specific, and the MRGPRX subclass is absent from rodents.7 
A clue to evolution of these receptors is that the large MrgprA and 
MrgprB subclasses (with at least 26 members in rat and mouse) and 
the smaller MRGPRX subclass (4 members in human) lie at syntenic 
chromosomal loci (containing SAAL1, PTPN5, and ZDHHC13 genes), 
suggesting a common origin.8 Human MRGPRX2 and mouse MrgprB2 
are orthologous, as defined by common function (they encode recep-
tors responsive to compound 48/80 and cortistatin-14) and expres-
sion (in subsets of mast cells), even though their sequence identity is 
relatively low (52%). Low similarity led to their original classification 
as nominally separate Mrg subclasses.2 We now understand that li-
gand specificity, G-protein signaling, and transcriptional regulation 
are conserved in MRGPRX2/MrgprB2 despite divergence in overall 
sequence. A plausible explanation for these features, as well as the 
differences between rat and mouse loci, is that in rodent this locus 
has been subject to frequent retrotransposon insertion, resulting in 
duplicative expansion and coordinate divergence.2,7 Families A to C 
and X may be more appropriately regarded as a single subclass of 
the Mrg family, since human MrgX1 (encoded by MRGPRX1) similarly 
shares ligands and patterns of expression in common with mouse A 
and C receptors.2

Activation of mast cell MrgX2 triggers dual intracellular signaling 
cascades attributed to G-proteins of the pertussis-toxin sensitive Gi-
family and the calcium mobilizing Gq/11-family.8 Typically, both path-
ways are required to mediate the ultimate mast cell responses of 
degranulation, chemotaxis, and cytokine release. Ligand activation 
of MrgX2 may be conveniently studied by measuring intracellular 
calcium release in transfected cultured cells (eg HEK293). This ap-
proach relies on either endogenous G-proteins present in the host 
cells used, or additional co-transfected G-proteins that confer cal-
cium responses, such as Gα15 or Gα16. Here, we have used this ap-
proach in U2 osteosarcoma (U2OS) and other cells to confirm the 
ligand profile of mouse MrgX2 (encoded by MrgprB2),2 and to char-
acterize predicted orthologues of MrgX2 from species relevant to 
nonclinical drug testing. MrgX2 agonists also induce association of 
the receptor with β-arrestin, a property used previously to identify 
the -opioid agonist TAN-67 as an agonist of MrgX2.5 We used re-
ceptor association with β-arrestin as an orthogonal assay to confirm 
newly described agonists of human MrgX2. Our findings show that 
MrgX2 is conserved in mammals. We characterize a peptide that 
caused unexpected anaphylactoid symptoms during development, 
and show it activates MrgX2. Finally, we show that the antibiotic 
vancomycin is also a MrgX2 agonist. Vancomycin causes clinical 
histamine-like effects typified by itching, rash and sometimes head-
ache, dizziness, agitation, fever and even chest pain and breathing 
difficulties. These symptoms, known as red man syndrome, may be 
associated with activation of MrgX2.

2  | MATERIAL S AND METHODS

2.1 | Compounds & peptides

Compound 48/80 & Lys-Bk (Kallidin) were from Sigma Aldrich, UK. 
Mastoparan, Icatibant (HOE-140), BAM 8-22 & BAM 22-P peptides 
were from Tocris BioSciences (Bristol, UK). Cortistatin-14 was ob-
tained from GenScript (USA) and Tocris BioSciences (Bristol, UK). 
Other peptides were either obtained from the GSK compound 
library or synthesized using automated solid-phase peptide syn-
thesis via the Fmoc/tBu strategy. Their identity was confirmed by 
HPLC-MS. Carbachol was from Alfa Aesar, USA. Vancomycin was 
from Sigma Aldrich (Cat#: V1130).

2.2 | Cell culture

U2OS (ATCC Cat# HTB-96, RRID:CVCL_0042) cells were main-
tained in DMEM-F12 (Sigma, UK), supplemented with 10% FBS & 
1% Glutamax at 37°C in a humidified atmosphere of 5% CO2. Cells 
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were maintained between 0.3-2x106 viable cells/ml. HEK293-MSRII 
cells 9 were used from frozen stocks and plated in DMEM with high 
glucose, L-glutamine, pyruvate HCl, 0.5x sodium bicarbonate, 10 mM 
HEPES supplemented with 10% fetal bovine serum, 1 mM sodium 
pyruvate, 1% Glutamax, and 1% Penicillin-Streptomycin (supple-
ments from Life Technologies). Sf9 insect cells (Super9; ECACC Cat# 
89070101, RRID:CVCL_0549) were routinely cultured with HyClone 
SFX media (Fisher, UK), incubated at 27°C with 125 rpm shaking, and 
maintained between 0.4-8x106 viable cells/ml.

2.3 | BacMam Generation

Genes encoding human MRGPRX1 and MrgX2 orthologues (Table 
S3) were synthesized at GenScript (China). Receptors or Gα16 were 
cloned into pHTBV1mcs3, a modified version of the pHTBV1 
BacMam expression vector10 using EcoRI and HindIII cloning sites. 
Recombinant baculoviruses were generated according to manu-
facturer's protocols using the Bac-to-Bac system (Invitrogen, UK). 
All BacMam stocks were sterility checked, confirmed to be myco-
plasma-free, and stored at 4°C in the dark to increase viral stability.

2.4 | Ca2+ mobilization assays

U2OS or HEK293-MSRII cells were washed, resuspended in fresh 
media and transduced in suspension with virus at optimized multi-
plicity of infection (MOI) prior to assay (Gα16: MOI 45; MrgX2: MOI 
25). Cells were seeded into black clear-bottomed 384-well plates 
at 1.5 × 104 cells/well and incubated for 24 or 48 hours (37°C, 5% 
CO2). Prior to assay, media was removed (BlueWasher, BluCatBio) 
and plates were incubated (1 hours, 37°C, 5% CO2) with 20 or 30 µL 
Hank's buffered saline solution containing 25  mmol/L HEPES, pH 
7.2 (assay buffer) supplemented with 30 µmol/L probenecid (Sigma), 
3 µmol/L Fluo-4 (Molecular Probes), & 750 µmol/L Brilliant Black 
(MP Biomedicals). On the FLIPRTETRA (Molecular Devices), 10  µL 
compound was added to dye-loaded cells (final test concentra-
tion 10-100 µmol/L), and fluorescence (488 nm excitation/530 nm 
emission) read for 10 seconds to set background followed by 120-
150 seconds to capture response. Raw data were processed as max-
imum-minimum and compounds were tested in quadruplet on each 
assay occasion.

2.5 | ß-arrestin recruitment assay in hMrgX2ProLink-
CHO cells

5000 cells/well (Eurofins Pharma Discovery Services PathHunter®; 
Cat # 93-0309C2; RRID:CVCL_KY49) seeded with 20  µL 
AssayComplete Cell Plating 2 reagent into white 384-well plates 
(Corning) were incubated overnight (37°C/ 5% CO2). Test agents 
were serially diluted in DMSO, added to OptiMEM/0.1% BSA (to 
5x final), and 5 µL incubated with cells (90 minutes at 37°C, then 

30 minutes at room temperature). Luminescence was detected after 
addition of 12.5 µL PathHunter® Detection reagent (Cat # 93-0001; 
room temperature; 2  hours) using an Envision platereader (Perkin 
Elmer).11

2.6 | Data Analysis

Data were analysed in GraphPad PRISM 6 as maximum-minimum 
values normalized against the background average. pEC50 values 
were determined using a four-parameter curve fitting equation, and 
statistical comparisons were performed using unpaired t-test with 
Welch's correction (*P < .05; **P < .01).

2.7 | Assessment of intravenous pharmacokinetics

Animal studies were ethically reviewed and carried out in accord-
ance with the Animals (Scientific Procedures) Act 1986 and the GSK 
Policy on the Care, Welfare and Treatment of Animals. Detailed 
study procedures are provided in Supplementary Methods.

3  | RESULTS

3.1 | A pan-mammalian family of MrgX2 receptors

We investigated whether inadvertent activation of mast cells via 
their MrgX2 receptor could be the cause of histamine-like and/or 
anaphylactoid symptoms, where observed in the past during pre-
clinical in vivo testing for certain drugs in development. Typically, 
species affected by such symptoms are rat, dog and occasionally 
minipig or nonhuman primate. We therefore sought to profile puta-
tive MrgX2 agonists across orthologous receptors spanning a range 
of mammalian species.

We first identified a cell host suitable for expression of MrgX2. 
Human U2OS cells released intracellular calcium upon treatment 
with histamine which activates an endogenously-expressed recep-
tor (Figure 1B). No U2OS calcium response was detected upon treat-
ment with the MrgX2 agonists cortistatin-14, 48/80, BAM22P, or 
icatibant. U2OS cells therefore were presumed to lack endogenous 
MrgX2 (Figure 1A).

Next, we introduced human MrgX2 (hMrgX2) by using a modi-
fied baculovirus, BacMam, that can transduce exogenous genes and 
express them under control of a mammalian promoter. Titration of 
hMrgX2 BacMam up to a multiplicity of infection (MOI) of 100 con-
ferred calcium responses to cortistatin-14 and 48/80 (Figure 1C&D). 
Half-maximal effects at different MOI ranged from pEC50 = 6.1 to 
6.5 for cortistatin-14, and pEC50 = 5.4 to 5.6 for 48/80. These po-
tencies were lower than reported values,2 therefore we included 
BacMam viruses encoding Gα16 to enhance coupling to calcium-mo-
bilization pathways. Gα16 potentiated hMrgX2 responses to 48/80, 
and resulting half-maximal effects were consistent with reported 
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values (pEC50 = 5.9 ± 0.18; n = 3 for 48/80). U2OS cells transduced 
with Gα16 in the absence of hMrgX2 were unresponsive (Figure 2A). 
We also expressed human MrgX1 (hMrgX1), using BAM-22P and 
BAM 8-22 as reference agonists. hMrgX1 agonist responses were 
also potentiated by co-transduction with Gα16. BAM-22P activated 
hMrgX1-Gα16 and hMrgX2-Gα16 cells at similar potencies (data not 
shown), whereas BAM 8-22 had a higher potency at hMrgX1-Gα16 
cells, as expected (Figure 2B). 48/80 was specific for hMrgX2, since 
no calcium responses of hMrgX1-Gα16 cells were observed (data not 
shown).

Mouse MrgX2 (mMrgX2) is the product of the Mrgprb2 gene.2 
We observed that transduction of U2OS cells with Mrgprb2 
BacMam at MOI comparable to those used for hMrgX2 was det-
rimental to health of cells. This effect was apparent morphologi-
cally as rounded cells and by marked reduction in calcium release 
in response to histamine (data not shown). Reducing the MOI of 
Mrgprb2 restored potency of endogenous histamine responses 

and conferred calcium responses to 48/80 at potencies consis-
tent with previously reported values (Figure 2C).2 Genes encoding 
MrgX2 orthologues in other species have not yet been described. 
The human chromosome 11 region that contains genes encoding 
MrgX1 and MrgX2 is syntenic to regions of rat chromosome 1 and 
mouse chromosome 7. In rodent, these loci have undergone gene 
duplication and at least eight candidate rat orthologues exhibit 
homology to MrgX2.12 Unambiguous prediction of the rat MrgX2 
orthologue based on sequence similarity to mMrgX2 and hMrgX2 
was not possible (see Supplementary Methods), therefore we ex-
pressed the four most likely candidate genes (Mrgprx1, Mrgprx2, 
Mrgprx2l, and Mrgprb3) in U2OS cells. Only Mrgprb3 conferred 
a response to 48/80 and cortistatin-14 (Figure 2D and Figure 
S1). Based on this and other evidence8 we ascribed Mrgprb3 to 
encode rat MrgX2 protein (rMrgX2) and to be orthologous to 
human MRGPRX2 and mouse Mrgprb2. We attempted to express 
mMrgX2 and rMrgX2 under the same conditions as hMrgX2, ie 

F I G U R E  1  Baculovirus-mediated expression of MrgX2 in U2OS cells. (A) U2OS cells (untransfected) were treated with MrgX2 agonists 
(Cortistatin-14, 48/80, icatibant and BAM 22P) and MrgX1 agonists (BAM8-22 and BAM 22P). (B) U2OS cells were treated with histamine, 
which activates an endogenously expressed receptor, kallidin (Lys-Bk; a bradykinin agonist) and mastoparan. Kallidin has been described 
as an MrgX2 agonist2 but the potency of response in U2OS cells suggested an endogenously expressed bradykinin receptor. U2OS cell 
calcium responses to mastoparan were unaffected by transfection of MrgX2 (data not shown), consistent with literature reports of receptor-
independent effects of mastoparan.31 (C & D) Baculovirus containing Mrgprx2, the gene encoding human MrgX2, adjacent to the CMV 
promoter was transduced into U2OS cells at multiplicities of infection (MOI) up to 100, followed by treatment with cortistatin-14 (C) or 
48/80 (D). Cells were loaded with calcium-sensitive Fluo-4 dye and intracellular calcium release measured in real-time using the microplate-
based FLIPRTETRA apparatus. Single representative experiments are shown
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in the presence of Gα16. Introduction of Gα16 into U2OS cells in 
combination with either mMrgX2 or rMrgX2 potentiated calcium 
responses of the endogenous histamine receptor as expected (Fig. 
S2). However, Gα16 reduced the efficacy of mMrgX2 responses to 
48/80, and ablated rMrgX2 responses to 48/80 (Figure 2C & D). 
This effect was titratable (Fig. S2). Subsequent experiments were 
performed using U2OS cells transduced with mMrgX2 or rMrgX2 
in the absence of additional Gα.

Unambiguous predictions of MrgX2 orthologue-encoding genes 
were made in the genomic sequence of canine (beagle), porcine 
(minipig and pig) and primate (Rhesus and cynomolgus monkey) spe-
cies (see Table S3 for gene identities). Orthologous receptors were 

termed beMrgX2 (beagle dog), mpMrgX2 (minipig), pMrgX2 (pig), 
rhMrgX2 (Rhesus monkey), and cyMrgX2 (cynomolgus monkey). 
Predicted full-length beMrgX2 conferred responses to cortista-
tin-14, but potency was low compared to human (Fig. S3). Predicted 
open reading-frames for canine and porcine MrgX2 have distinctive 
elongated N-terminal domains, compared to primate and rodent se-
quences (Fig. S4). To investigate the influence of the N-terminal do-
main, we truncated beMrgX2, removing the section of N-terminus 
not common to primate MrgX2 (human, Rhesus and cynomolgus 
sequences have contiguous N-termini in the alignment; Fig. S4). This 
truncation increased potency of cortistatin-14 (pEC50 = 7.1), com-
parable to that observed at hMrgX2 (Fig S3). Truncated beMrgX2 

F I G U R E  2  A pan-mammalian family of MrgX2 receptors. (A) U2OS cells expressing human MrgX2 plus Gα16 or Gα16 alone. (B) U2OS 
cells expressing Gα16 in combination with hMrgX1 or hMrgX2. In other panels, U2OS cells expressed MrgX2 orthologues of mouse (C), rat 
(D), beagle dog (E), minipig (F), pig (G), Rhesus monkey (H), or cynomolgus monkey (I). In E-I, experiments were performed in the absence of 
Gα16. Genes were introduced by baculovirus-mediated transfection, and calcium responses were determined (FLIPR

TETRA) after addition of 
agonists BAM 8-22 (B) or 48/80 (all other panels). Panels show single representative experiments, with each data point corresponding to 
mean ± SD of 3-16 technical replicates. For experiment replication, see Results
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was also responsive to 48/80 (Figure 2E). For consistency and to 
allow cross-species comparison, we expressed equivalent truncated 
versions of pig and minipig MrgX2 (Fig. S4), which were also re-
sponsive to 48/80 (Figure 2F & G). Finally, rhMrgX2 and cyMrgX2 
were also shown to be responsive to 48/80 (Figure 2H & I). For all 
MrgX2 orthologues except human, co-expression of Gα16 provided 
no consistent improvement in sensitivity and efficacy compared 
to expression of receptor alone, indicating that the complement 
of Gα present in U2OS cells is sufficient to support calcium release 
downstream of MrgX2. To investigate whether alternate host cells 
might also be suitable for MrgX2 expression, we transfected mpM-
rgX2 into HEK293-MSRII-Gα16 cells. Consistent with observations 
in U2OS, mpMrgX2 conferred calcium responses to cortistatin-14 
and 48/80, both of which failed to activate untransfected host cells 
(data not shown). Histamine treatment did not cause calcium re-
lease in HEK293-MSRII-Gα16 cells (data not shown). This indicates 
that the endogenous histamine receptor in U2OS cells is absent in 
HEK293-MSRII-Gα16 cells, and that agonist-stimulated intracellular 
calcium release by MrgX2-expressing U2OS cells is not a secondary 
consequence of receptor-evoked histamine release. For subsequent 
evaluation of compound activity, U2OS cells were used. hMrgX2 
was expressed in combination with Gα16; other orthologues were 
expressed in the absence of Gα16. Beagle, pig, and minipig MrgX2 
were expressed as N-terminal truncates. Compound 48/80 was used 
as a reference agonist. Half-maximal responses to 48/80 of different 
orthologues (n independent experiments) were: mMrgX2: 5.5 ± 0.19 
(n = 3), rMrgX2: 5.4 ± 0.1 (n = 4), beMrgX2: 6.1 ± 0.08 (n = 3), mp-
MrgX2: 5.9 ± 0.10 (n = 3), pMrgX2: 5.9 (n = 1), rhMrgX2: 6.7 (n = 1), 
cyMrgX2: 6.1 (n = 1) (mean pEC50 ± SEM, based on a notional molec-
ular weight for 48/80 of 500).

3.2 | Cell-penetrant peptides with MrgX2 
agonist activity

GSK3212448 (peptide 1) and peptide 4 are stabilized peptides 
with related sequences (Table S1). Both caused unexpected his-
tamine-like symptoms in vivo. These peptides were designed to 
penetrate cells and disrupt the interaction between EZH2 (en-
hancer of zeste homolog 2) and EED (embryonic ectoderm de-
velopment), which are components of the epigenetic regulator 
PRC2 (Polycomb repressive complex 2). In common with similar 
published peptides that reduce trimethylation activity of PRC2 
at histone H3 K27,13 GSK3212448 and peptide 4 bind EED with 
high affinity (IC50 = 20 nmol/L, for GSK3212448). Predicted net 
charge at pH 7 is +5 for GSK3212448 and +3 for peptide 4. To 
determine pharmacokinetic properties of the peptides, rats were 
treated intravenously by bolus dose (5 mg/kg) given over approxi-
mately 1 minute. Both peptides were tested as part of the same 
study. For each peptide, the first dosed animal showed potential 
signs of anaphylaxis, with blue-colored extremities, gasping, and 
limpness. Symptoms were observed within 3 minutes for peptide 4 
and within 2 minutes for GSK3212448; animals were immediately 

euthanized by cervical dislocation and death was confirmed. No 
further rats were dosed. Subsequently, we found GSK3212448 to 
activate hMrgX2. Preliminary data suggested that GSK3212448 
could activate hMrgX2-Gα16-U2OS but not Gα16-U2OS cells (not 
shown). Using CHO-K1 cells stably expressing C-terminally tagged 
hMrgX2 (hMrgX2ProLink-CHO), GSK3212448 caused robust, 
concentration-dependent calcium responses (pEC50  = 6.1 ± 0.14 
(n = 4); Figure 3A). hMrgX2ProLink-CHO cells also express a tagged 
version of β-arrestin2, allowing measurement of agonist-induced 
association between receptor and β-arrestin2. GSK3212448 in-
duced association of hMrgX2 with β-arrestin2 (pEC50 = 6.0 ± 0.10 
(n = 4); Figure 3B). In U2OS cells, GSK3212448 activated the rat 
orthologue (rMrgX2) 18-fold more potently than the reference 
agonist 48/80 (pEC50 = 6.5 ± 0.21 and 5.2 ± 0.17 (both n = 4) for 
GSK3212448 and 48/80, respectively; Figure 3C). GSK3212448 
also activated beMrgX2, mpMrgX2, and pMrgX2 (data not shown). 

F I G U R E  3  Peptide GSK3212448 is an agonist of MrgX2. (A 
& B) hMrgX2ProLink-CHO cells were challenged with peptides 
GSK3212448 (Ac-*-Nle-FS*NRQKILRRT*ILN*EWKQR-NH2; 
filled squares) or cortistatin-14 (open circles). Agonist effects 
on intracellular calcium were determined using FLIPRTETRA (A), 
and agonist-induced association of hMrgX2 with β-arrestin2 was 
measured using an enzyme fragment complementation (EFC) assay 
(B). Bars show mean ± SD across four independent experiment 
occasions, normalizing within each experiment to the effect 
of cortistatin-14. (C) rMrgX2-U2OS cells were challenged with 
GSK3212448 or 48/80. Data show mean ± SD raw FLIPRTETRA 
counts across replicates in a single representative experiment; 
across multiple experiments, pEC50 of GSK3212448 at rMrgX2 was 
6.5 ± 0.21 (n = 4)
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In the pharmacokinetic study, GSK3212448 was injected at a 
concentration > 1000-fold greater than its pEC50 at rMrgX2, po-
tentially sufficient to cause systemic degranulation of connective-
tissue mast cells after dose dilution into circulation. Peptide 4 
also activates hMrgX2 (pEC50  =  5.4  ±  0.05 (n  =  4; calcium) and 
5.2  ±  0.06 (n  =  3; β-arrestin2); Table S1). These findings offer a 
mechanistic explanation of anaphylactoid symptoms and illustrate 
how prior knowledge of MrgX2 activity and agonist profile across 
species orthologues could mitigate risk of anaphylactoid symp-
toms by enabling a knowledge-based choice of species and dosing 
regimen.

3.3 | Diverse basic peptides activate MrgX2

We next investigated the structure-activity relationship (SAR) of 
peptides for agonism of MrgX2. Like GSK3212448, many known 
MrgX2 peptide agonists have net basicity. Cell penetrating pep-
tides are often also basic, since positive charge can aid cell pen-
etration, with little additional requirement for specific amino acids 
or sequence motifs.14 We tested 21 peptides of varying length, 
sequence and chemical modification, and of various predicted 
negative, neutral or positive net charge, using hMrgX2ProLink-
CHO cells to measure calcium mobilization and receptor associa-
tion with β-arrestin2 (Table S1). All highly basic peptides in this 
set (net positive charge ≥ +3) activated hMrgX2 (pEC50 ≥ 4.9 in 
at least one assay), whereas no neutral or acidic peptide tested 
(net charge ≤ 0) activated hMrgX2. At net charge + 1 or + 2, pep-
tides had either MrgX2-active or -inactive properties. There was 
little apparent relationship between MrgX2 activity and specific 
amino acid sequence characteristics or length. Our set of peptides 
included TAT (49-60), the basic domain of HIV-1 TAT protein (Ac-
RKKRRQRRRPPQ-NH2), a well-studied cell penetrating peptide 
of net charge +8.14 Consistent with our SAR, TAT (49-60) acti-
vated hMrgX2 (pEC50  =  6.2  ±  0.18, n  =  4 (calcium mobilization); 
pEC50 = 5.3 ± 0.05, n = 4 (β-arrestin2 association)). To illustrate that 
MrgX2 activation is not sequence-specific, we also tested a peptide 
containing only arginine residues (polyarginine; Ac-Arg9-amide), 
showing that basic residues alone are sufficient to activate MrgX2 
(pEC50 = 6.9 ± 0.10, n = 4 (calcium mobilization); pEC50 = 5.8 ± 0.10, 
n = 4 (β-arrestin2 association)).

Next, we reviewed literature reports of peptides tested in re-
combinant hMrgX2 calcium and/or β-arrestin assays. These pep-
tides have diverse origins and include various hormones, fragments 
of albumin isolated from blood plasma, anti-bacterial peptides, and 
pharmaceutical agents. A compilation of agonist pEC50 values from 
these reports is presented in Table S2. In all cases, the relationship 
between net charge and hMrgX2 agonist activity described above 
holds. Figure 4 shows a scatter plot of hMrgX2 potency vs predicted 
charge at neutral pH for peptides tested in this study and literature 
peptides, including also the peptidomimetic polymer 48/80 (data 
from the combination of Tables S1 and S2). In summary, peptides 
of charge ≥+3 commonly activate MrgX2, whereas peptides of 

charge ≤ 0 rarely activate MrgX2. This relationship is consistent with 
the numerous peptide mast cell degranulating agents described in 
the literature.

3.4 | Diverse basic small-molecules activate MrgX2

We investigated whether MrgX2 was similarly promiscuous toward 
activation by small molecules. We tested 368 structurally diverse 
drug-like compounds. Roughly one-third of compounds tested (137) 
induced concentration-dependent calcium mobilization in HEK293-
MSRII cells expressing hMrgX2 plus Gα16, measured using FLIPR. To 
distinguish hMrgX2-selective agonists from compounds acting at 
other receptors endogenously expressed in HEK293-MSRII cells, 
active compounds were retested using cells transduced either with 
hMrgX2 plus Gα16 or Gα16 alone (both tested in duplicate). Sixty-
eight compounds (≈18% of the initial set) exhibited hMrgX2-specific 
activation with pEC50 > 4.5 (criteria for defining hits are described in 
Figure 5 Legend). The initial compound set reflected diverse proper-
ties, comprising 47 weak or strong acids, 87 weak or strong bases, 
19 zwitterions and 198 compounds predicted to be neutral at pH 
7.0 (pKa and pKB predicted using Chemaxon tools). hMrgX2-actives 
amongst this set were highly enriched in basic and zwitterionic com-
pounds (55 of 68 hits; Figure 5A,B). However, pEC50 did not corre-
late with predicted pKB (Figure 5C).

F I G U R E  4  Relationship between hMrgX2 agonist potency and 
charge amongst peptides. Forty-six peptides are included, plus 
compound 48/80 whose polymeric structure is analogous to a 
basic peptide, with a repeating unit that presents a basic secondary 
amine side-chain (48/80 is given a notional net charge at pH 7.0 of 
4.5 units, here). hMrgX2 agonist data were either generated within 
this study (Table S1, which also shows experimental replication) or 
are extracted from literature reports (Table S2) and show pEC50 
values (mean ± SD for data generated within this study) for calcium 
mobilization, or, where no pEC50 for calcium mobilization was 
available, for β-arrestin association assays
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3.5 | Activation of MrgX2 by vancomycin as a 
potential cause of Red Man Syndrome

Ciprofloxacin and other fluoroquinolone antibiotics are reported to 
activate MrgX2.2 These drugs are associated with clinical pseudo-
allergic reactions, and ciprofloxacin caused mMrgX2-dependent 
degranulation of mouse mast cells in vitro, and mMrgX2-dependent 
reduction in body-temperature in vivo.2 Antibiotics are often dosed 
intravenously, rapidly achieving high exposures both systemically 
and in tissue. We reviewed the literature for other antibiotics as-
sociated with clinical anaphylactoid or allergic-type reactions, pos-
sibly mediated via hMrgX2. Vancomycin induces characteristic 
pruritus, flushing and rash which may be accompanied by dizziness 

and agitation, headache, chills, and fever; symptoms collectively 
termed red man syndrome.15 Red man syndrome has been linked 
to vancomycin treatment for more than 30  years,16 and may be 
caused by oral, intraperitoneal, or intravenous routes of administra-
tion.17,18 Vancomycin is a glycopeptide with several exposed basic 
centers, reminiscent of GSK3212448 and other peptides shown 
here to activate hMrgX2. In hMrgX2-transfected U2OS cells, van-
comycin elicited calcium responses with similar efficacy to 48/80 
(pEC50  = 4.4 ± 0.04 and Emax  = 87 ± 8% (n = 2) on hMrgX2-Gα16-
U2OS cells; Figure 6). Negligible calcium responses were observed 
in untransfected U2OS parent cells challenged with either vancomy-
cin or 48/80 whereas robust U2OS calcium responses were evoked 
by histamine (data not shown), consistent with activation of MrgX2 
by vancomycin. Activation of hMrgX2ProLink-CHO cells did not reach 

F I G U R E  5  Frequency of MrgX2-active agonists amongst drug-like small molecules. Structurally diverse drug-like compounds (structures 
not disclosed) were tested for hMrgX2 agonism using HEK293-MSRII cells. Bargraphs show (A) number and (B) proportion of neutral, acidic 
or basic compounds in the 368-compound starting set and amongst MrgX2-active hits. Calcium mobilization assays were performed in 
Poly-D-lysine coated 384-well plates (Greiner Bio-One), and buffer contained 2.5 mmol/L probenecid, 2 µmol/L Fluo-4, and 500 µmol/L 
Brilliant Black (otherwise as described in Methods). Test compounds were serially diluted in DMSO, transferred to 384-well polypropylene 
V-bottom plates (Greiner Bio-One) using an ECHO 555 liquid handler (Labcyte), then further diluted into assay buffer supplemented with 
0.03% Pluronic acid (Sigma) and 0.03% CHAPS (Sigma), before test in duplicate. Curve-fitting (Activitybase XE, IDBS) was performed where 
fold increase over basal was ≥ 1.3. Cortistatin-14 and carbachol (to activate endogenous muscarinic receptor) were included to ensure 
consistency between plates. MrgX2-active hits were defined as having pEC50 > 4.5 at hMrgX2, >0.5 log unit greater pEC50 at hMrgX2-Gα16 
compared to cells transfected with Gα16 alone, and > 50% efficacy compared to Cortistatin-14. (C) Correlation of basicity (calculated pKB) 
with hMrgX2 mean pEC50 (n = 2) for 68 hMrgX2-active hits. Acid and base properties were categorized using in silico Chemaxon tools
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maximal effect and curve-fitting was not attempted. However, van-
comycin (0.3mM) caused approximately 50% of maximal effect of 
cortistatin-14 (Fig. S5). Potency of vancomycin to activate hMrgX2 is 
low compared with other MrgX2 agonists associated with pseudo-al-
lergic reactions. However, trough (lowest) free serum concentrations 
in vancomycin-treated patients are ≈5 ± 2 µmol/L (13.6 ± 5.9 mg/L; 
50% protein binding) and Cmax may exceed 30 µmol/L.

19 Therefore, 
vancomycin activity at hMrgX2 may be sufficient to cause red man 
syndrome and other histamine-like or pseudo-allergic reactions at 
clinical exposures. Vancomycin induces degranulation of isolated rat 
mast cells,20 so we tested whether rodent MrgX2 was also sensi-
tive to the drug. Vancomycin-evoked calcium release in mMrgX2- 
and rMrgX2-expressing U2OS cells did not reach maximal effect at 
1mM (Figure 6) consistent with the high concentrations of vancomy-
cin required for full degranulation of rat mast cells (4.55 mg/ml or 
3 mmol/L).20 Finally, we showed that vancomycin behaved as a full 
or near-full agonist at beMrgX2 and mpMrgX2 (pEC50 = 4.6 ± 0.2 and 
Emax = 97 ± 12% (n = 3) at beMrgX2 and 3.8 ± 0.07 and Emax = 84 ± 
13% (n = 3) at mpMrgX2; Figure 6). In summary, activation of MrgX2 
by vancomycin is sufficient to mediate mast cell degranulation and 
the clinical adverse reactions termed red man syndrome.

4  | DISCUSSION

Histamine-like symptoms and anaphylaxis are sometimes encoun-
tered during in vivo testing of novel chemical entities in mammalian 
species. This category of adverse event occurs more frequently for 

injected or intravenously infused agents, though examples of oral ad-
ministration leading to similar symptoms are known. In the scenario 
of drug development, encountering such symptoms necessitates 
complex risk assessment for translation from nonclinical species 
to human, and is especially challenging in the absence of known or 
suspected causative mechanisms. The landmark work of McNeil et 
al (2015) suggested that some histamine-like symptoms caused by 
drugs in development might be associated with IgE-independent 
mast cell degranulation caused by agonism of the MrgX2 receptor. 
By identifying mouse MrgX2, the authors showed conclusively that 
medicines causing anaphylactoid reactions, such as injection site 
reactions, mediated these effects via agonism of MrgX2. Reactions 
like those seen in human could be replicated in wild-type mice but 
were absent in animals genetically deleted for MrgX2.2

We set out to show that MrgX2 orthologues occur not only 
in human and mouse but also in other mammalian species cor-
responding to those commonly used in preclinical studies: rat, 
dog, minipig, and nonhuman primate. Other authors have termed 
MrgX2 “primate-exclusive”,3 but we were able to unambiguously 
predict candidate MrgX2 orthologues of nonprimate species from 
publicly-available genomic sequence. Expression of candidate 
MrgX2 orthologues in U2OS cells conferred calcium responses to 
the archetypal MrgX2 ligand, 48/80. In rat, no single likely ortho-
logue could be predicted amongst the multiple homologues that are 
present in the rat syntenic locus due to gene duplication and diver-
gence events in the rodent lineage.7 Instead, four potential ortho-
logues were tested. Only one rat gene, Mrgprb3, conferred calcium 
responses to compound 48/80 upon transfection into U2OS cells. 
We therefore ascribed Mrgprb3 to encode rat MrgX2 (rMrgX2) and 

F I G U R E  6  Vancomycin activates 
MrgX2. Calcium mobilization assays 
were performed as described in Figure 
2, expressing MrgX2 orthologues in 
U2OS cells (beMrgX2, pMrgX2, and 
mpMrgX2 were expressed truncated of 
their elongated N-terminal domains, and 
hMrgX2 was expressed in combination 
with Gα16). Data were normalized to the 
effect of 48/80 (100%). Representative 
experiments are shown; each data point 
is mean ± SD of 3-16 determinations. For 
experimental replication, see Results
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to be orthologous to human Mrgprx2 and mouse Mrgprb2 (encod-
ing hMrgX2 and mMrgX2 respectively). Findings reported by other 
authors support this.8

Additional Gα subunits substantially reduced responses of rat 
and mouse MrgX2. Incompatibility with Gα16 may be specific to the 
U2OS cells used here, because agonist responses were observed for 
mMrgX2 (Mrgrpb2) expressed in HEK293 cells in combination with 
Gα15.2 Further studies will be required to understand the underlying 
cause, but our data establish a key difference between rodent and 
human MrgX2 and illustrate that expression of rodent MrgX2 under 
the same conditions as used for hMrgX2 may not support functional 
agonist responses. Conceivably, this difference may underlie the 
difficulty encountered by other authors in establishing functional 
expression of mMrgX2/Mrgprb2.3

Subramanian et al, (2016) reported that rMrgX2 (MrgprB3) was 
highly expressed in rat peritoneal mast cells, detected by RT-PCR, 
whereas several other Mrg-homologues were expressed at only 
low levels.8 Here, we have not examined mast cells expression, but 
rather we show an association of a novel MrgX2 agonist, peptide 
GSK3212448, with systemic anaphylactoid symptoms in rat. We 
have also identified small-molecule development drugs for which 
histamine-like symptoms had been observed during preclinical in 
vivo studies, using text-mining searches of study reports or anec-
dotal accounts. These agents also activate MrgX2 across species 
and will be the subject of a separate report. We speculate that 
species-specific histamine-like effects of development drugs might 
result, at least in part, from greater potency at specific MrgX2 or-
thologues. This would be unsurprising given the relatively low se-
quence homology amongst orthologues (substance P is 360-fold less 
potent at mouse than human, whereas icatibant is only twofold less 
potent at mouse2). Strikingly, GSK3212448 had greater potency at 
rMrgX2 than hMrgX2, and is the most potent agonist of rMrgX2 yet 
observed.

We tested further peptides and small-molecules to understand 
the SAR of MrgX2. Known peptides with MrgX2 agonist activity are 
remarkably numerous, and include several ligands of other GPCRs, 
such as Substance P and cortistatin-14. Our findings show a lack of 
sequence-specificity amongst active MrgX2 agonist peptides, which 
instead have in common net positive charge at pH7.0. Polyarginine 
(Ac-Arg9-amide) was close to equipotent to cortistatin-14 (Table 
S1), illustrating that basic amino acids alone are sufficient to acti-
vate MrgX2 and that hydrophobic amino acids or other sequence 
features are not required. Combining data from this study and from 
literature reports suggests a relationship between charge and activ-
ity as follows: firstly, peptides with net charge +3 or greater show 
MrgX2 agonist activity; secondly, peptides with MrgX2 agonist ac-
tivity have net charge +1 or greater. Further studies on a larger array 
of peptides will be required to understand the quantitative relation-
ship between MrgX2 potency and structure, especially charge pre-
sentation (eg positive charge in or near an amphipathic helix) and the 
minimum peptide length for MrgX2 activity.

The possibility that endogenously occurring peptides and pro-
teins represent physiologically-relevant ligands for MrgX2 has been 

explored in depth for cortistatin-14,21 Substance P,22 endorphins,3 
β-defensins,23 and others.24 However, our finding that activation 
of MrgX2 may not be sequence-specific but is instead driven by 
charge raises the possibility that no physiologically relevant cog-
nate endogenous MrgX2 agonist exists. Activation of MrgX2 by 
peptides such as Substance P and cortistatin-14 at concentrations 
in the range 100–1000 nmol/L may be coincidental due to their high 
basic charge. MrgX2 may operate as a sentinel, analogous to patho-
gen pattern-sensors such as FPR receptors, activating elements of 
the innate immune system in response to local pathogen-derived 
features. FPR1 and FPR2 are expressed on leucocytes and respond 
to N-formyl motifs characteristic of bacteria, or to other bacterial-
ly-derived peptides.25 By analogy, MrgX2 enables mast cells to re-
spond to pathogen-derived basic peptides including those that have 
cell-penetrating properties. As well as the cell-penetrant fragment 
of HIV TAT protein, TAT (49-60), shown here to activate hMrgX2, S 
aureus -toxin and competence-stimulating peptide (CSP)-1 secreted 
by Gram-positive bacteria also activate hMrgX2.26,27 In this way 
MrgX2 may detect both viral and bacterial xenobiotic features.

The promiscuous nature of MrgX2 is also reflected in our 
finding of frequent weak agonist activity amongst drug-like small 
molecules (≈18% of compounds tested). As with peptides, many 
novel MrgX2 agonists were basic. Based on our understanding 
of MrgX2 SAR, we hypothesized that vancomycin might also ac-
tivate MrgX2, and confirmed this through testing. Vancomycin 
is a basic glycopeptide that achieves high exposures in treated 
patients, and is associated with histamine-like symptoms termed 
red-man syndrome.15 During preparation of this manuscript, Azimi 
et al (2017) also showed vancomycin to activate hMrgX2, induc-
ing calcium mobilization in HEK293 cells expressing hMrgX2 and 
degranulation of LAD-2 mast cells. Both effects could be blocked 
by an MrgX2 antagonist.26 We showed vancomycin to activate all 
mammalian MrgX2 orthologues tested. It is somewhat surprising 
that no histamine-like symptoms were observed in literature re-
ports of vancomycin administration to dog (free Cmax ≈35 µmol/L; 
≈100  µg/ml, assuming 50% protein binding)28 and minipig (free 
Cmax ≈23  µmol/L; 34  µg/mL).

29 Possibly these studies did not 
cause sufficient (or sufficiently rapid) exposure to vancomycin to 
induce the symptoms. Other antibiotics have also been associated 
with red man syndrome, including ciprofloxacin,15 which has also 
been shown to activate MrgX2.2 We speculate that agents and/
or dosing regimens that lead to high Cmax and fast onset of Cmax 
(rapid, high exposure) in combination with MrgX2 agonism, would 
be the most liable to result in systemic anaphylactoid symptoms. 
Oral vancomycin can also cause symptoms.30 Red man syndrome 
is often associated with the first dose of vancomycin and can by 
mitigated or avoided by reduced infusion rates, whereas combin-
ing vancomycin with other antibiotics, contrast dyes or opioid 
analgesics can amplify red man syndrome.15 We speculate that 
slower onset of Cmax desensitizes MrgX2 to limit histamine release, 
whereas combination of vancomycin with other potential MrgX2 
agonists could have additive effects. Basic peptides as therapeu-
tics may be particularly liable for MrgX2-mediated histamine-like 
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reactions, though subcutaneous and intramuscular administration 
may lead to local injection-site reactions,2 rather than the sys-
temic effects we observed with GSK3212448 in rat.

In conclusion, our data extend the association between agonism 
of the mast cell MrgX2 receptor and histamine-like anaphylactoid 
effects into both clinical and preclinical drug-development settings. 
Antagonism of MrgX2 could potentially negate side-effects expe-
rienced by patients reliant on vancomycin or other medicines with 
cross-reactivity at MrgX2. Anaphylactoid effects of unknown mech-
anism are not usually the cause to cease drug development, but can 
complicate and extend the time and cost of nonclinical development 
for new agents. Evaluation of MrgX2 agonist activity at both human 
and mammalian orthologues generates valuable information prior 
to in vivo safety or efficacy testing, and has the potential to inform 
choice of model species and dosing regimen to avoid unintended his-
tamine-like symptoms.
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MrgX2 is a promiscuous receptor for basic peptides causing mast cell pseudo-allergic and 

anaphylactoid reactions 

Grimes et al.  

Supporting information 

 

Supplementary Methods 

Orthologue prediction Orthologues of human MRGPRX2, based on sequence homology and synteny, 

were predicted for Rhesus monkey (Macaca mulatta), cynomolgus monkey (Macaca fascicularis), pig 

(Sus scrofa), minipig (Sus scrofa), beagle dog (Canis lupus familiaris), and rat (Rattus norvegicus). We 

adopted the convention to term receptor protein MrgX2 irrespective of species, but with a prefix to 

denote species. Thus, MRGPRX2 encoded by human MRGPRX2, is denoted here as hMrgX2, and 

Mrgprb2 encoded by mouse Mrgprb2, is denoted here as mMrgX2. Blastp [1] was used to identify the 

most similar protein sequences between human and other mammals. Sequences with the lowest blastp 

E-value were selected and aligned using MUSCLE [2]. A phylogenetic tree was then built using the 

neighbour-joining method [3] with a PAM 250 substitution matrix.  High confidence 1:1 orthologues 

were assigned for Rhesus and cynomolgus monkey and pig proteins based on the closest phylogenetic 

distance with the human protein. These predictions were aligned with the predictions from ENSEMBL 

Compara 80 [4]. To identify the minipig and the beagle dog orthologues, we used pre-computed 

orthologous gene clusters and retrieved genes that were clustered with hMrgX2 [5]. As before, the 

peptide sequences were aligned using MUSCLE, and a phylogenetic tree was constructed as described 

earlier.  High confidence 1:1 orthologues were assigned for beagle dog and minipig based on the closest 

phylogenetic distance with the human protein1 (see Supp. Fig.S4 and S6 for protein and cDNA 

sequences, respectively). A final assessment was performed by checking in each species whether the 

regions where genes identified as likely orthologues were in synteny with MRGPRX2. No high 

confidence orthologue could be assigned to rat; consequently, the two rat sequences in phylogenetic 

proximity to hMrgX2 (Mrgprx1 and Mrgprb3), which were also in synteny with MRGPRX2, were 

initially selected for experimental validation. Following an update to rat genome annotation, analysis 

was repeated by extracting pre-computed rat orthologues from ENSEMBL compara 83 and aligning 

protein sequences with MUSCLE against the hMrgX2 and mMrgX2. From the resulting phylogenetic 

tree two additional potential rat orthologues were identified for validation (Mrgprx2l & Mrgprx2), as 

                                                           
1 The nucleotide sequences encoding minipig (Sus scrofa) and beagle (Canis lupus familiaris) MrgX2 

have been deposited in the GenBank database under GenBankAccession Numbers MK107838 and 

MK107837, respectively. 
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well as confirming previous predictions. Supplementary Table 3 shows genome annotation database 

accession IDs for hMrgX2 and validated orthologues from this study. 

 

Animal husbandry procedures 

Male Wistar Han rats (age 8 to 12 weeks, body weight 250 to 300 g at the time of dosing) 

were used in the study.  On receipt from the animal suppliers (Charles River, U.K. Ltd), 

animals were visually inspected for signs of ill health and were deemed fit for use in the 

study.  Animals were identified by tail marking and/or cage labelling. 

The animals were housed in pairs, in polypropylene and stainless-steel cages with wood 

shavings as bedding.  The animals were acclimatised in the experimental unit for at least 5 

days prior to dose administration. 

Each animal was offered a complete dry diet and domestic mains-quality water ad libitum 

throughout the study.  The diet and water supplied to the animals were routinely analysed for 

quality.  There were no contaminants in the diet or water that were considered to have 

affected the integrity or outcome of the study. 

Temperature and light cycles in holding and study areas were controlled automatically.  Light 

periods were 0700 to 1900 hours.  During the study standard ranges of temperature (21  

2C) and relative humidity (55  10%) were maintained. 

The study was conducted under the authority of a Project Licence and all personnel who 

conducted procedures on animals did so under the authority of a Home Office Personal 

Licence issued under the Animals (Scientific Procedures) Act, 1986. 

Formulation and Administration 

Peptide 4 and GSK3212448 were prepared as solutions in 1:7 (v/v) PEG400:10% (w/v) 2-

hydroxypropyl -cyclodextrin in saline at 2.5 mg/mL (2 ml/kg) just prior to dosing. Rats were 

administered intravenously with 5 mg/kg peptide via the tail vein as slow bolus injections over 

1 minute. 

  



Promiscuous activation of MrgX2 by basic peptides 
 

3 
 

Figure S1 

 

Fig. S1 Legend: Identification of the rat orthologue of MrgX2. 

U2OS cells were transiently transfected with pcDNA3 constructs of Topaz (A; negative 

control – no receptor) or rat genes homologous to MrgX2 as follows: (B) Mrgprx1, (C) 

Mrgprx2l, (D) Mrgprx2, or (E) Mrgprb3.  Calcium responses to 48/80 and cortistatin-14 were 
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measured in the FLIPRTETRA apparatus. (F): BacMam-mediated transduction of  rat Mrgprb3 

into U2OS cells resulted in greater potencies of response to 48/80 and cortistatin-14, (pEC50 

= 6.0 & 6.1 respectively) compared to transient transfection (pEC50 = 5.3 for both). Based on 

this data we ascribed Mrgprb3 to encode rat MrgX2 protein (rMrgX2) and to be orthologous 

to human Mrgprx2 and mouse Mrgprb2. Data (in F) are representative of four independent 

experiments. 
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Figure S2 

 

Fig. S2 Legend: G16 reduces apparent agonist efficacy in mMrgX2-and rMrgX2-trasnfected 

U2OS cells  

A: U2OS cells were transfected with mouse MrgX2 (mMrgX2) using BacMam at a 

multiplicity of infection of 25, either in the absence of G16 BacMam (open circles) or with 

addition of G16 BacMam at a multiplicity of infection of 45 (filled triangles). Cells were 

challenged either with histamine (left panel; histamine activates an endogenous calcium-

coupled receptor in U2OS cells) or with the reference MrgX2 agonist, 48/80 (right panel, this 

is the same data as in Fig.2C), and agonist effects on intracellular calcium were determined 

using FLIPRTETRA. G16 potentiated responses of the endogenous histamine receptor (pEC50 = 

6.0 ± 0.05 and 7.2 ± 0.06 in the absence and presence of G16, respectively (mean±SEM)), 

but reduced efficacy of mMrgX2 responses to 48/80 by approximately 80%, from a 

maximum asymptote of 125 to 26 relative fluorescence units. Potency of the 48/80 response 
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was similar in the absence and presence of G16 (pEC50 = 5.7 ± 0.04 and 5.4 ± 0.2, 

respectively (mean±SEM)). B: U2OS cells were transfected with mouse (left panel) or rat 

(right panel) MrgX2 (m- or rMrgX2) using BacMam at a multiplicity of infection of 25, 

either in the absence of G16 BacMam (open circles) or with addition of G16 BacMam at 

varying multiplicities of infection (MOI 5: filled squares; MOI 15: filled diamonds; MOI 45: 

filled triangles).Calcium responses to 48/80 were determined as above. Reduction of efficacy 

caused by G16 was titratable, with the lowest MOI (5) of G16 reducing efficacy to 48/80 by 

approximately half for both receptors. Single representative experiments are shown. Panels A 

and B show results from separate experiments (performed by JG). Similar experiments were 

performed by LAW in a different laboratory, and generated consistent results.  
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Figure S3 

Full-length beagle MrgX2
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Fig. S3 Legend: Truncation of the extracellular N-terminus of beagle MrgX2 enhances 

agonist potency 

U2OS cells were transfected with predicted full-length beagle MrgX2 (left panel) or 

truncated beagle MrgX2 lacking the N-terminal domain (right panel) using BacMam. 

Multiplicities of infection were comparable (6.5 for full-length beMrgX2 and 7.1 for 

truncated beMrgX2). Cells were challenged separately with histamine to activate the 

endogenous histamine receptor or with cortistatin-14 as a reference MrgX2 agonist and 

intracellular calcium was measured using FLIPRTETRA. The half-maximal effects for 

cortistatin-14 were pEC50 = 5.4 and 7.2, and for histamine pEC50 = 5.3 and 6.0, for full-length 

and truncated beMrgX2, respectively. 
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Figure S4 

Alignment of predicted MrgX2 sequences from eight mammalian species. Enlarged N-terminal 

extracellular domains of beagle and porcine receptors are shown (predicted transmembrane domains 

are shaded blue). The serine (S) residue mutated to ATG (methionine) to create the truncated versions 

of beagle, pig and minipig MrgX2 used in assays are highlighted in red. 

Human   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 

Rhesus  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 

Cyno    ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 

Minipig ---------- ---------- ---------- ---------M GALSWLDLEL LDCSQRSLLA EGAEEVN--- --------RG 

Pig     ---------- ---------- ---------- ---------- ---------- ---------- ---------- -----MVLRG 

Beagle  MRRAAFPSAV PSLEDKKPVK SAVSCCPAGS NYSGSGVHGT PPLSHHKAAI LLTLQSQSSS PGGDEARDCR CSRLFCVPRN 

Rat     ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 

Mouse   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 

 

 

Human   -------MDP TTPAWGTEST TVNGNDQALL LLCGKETLIP VFLILFIALV GLVGNGFVLW LLGFRMRRNA FSVYVLSLAG 

Rhesus  -------MDP TTPAWGTEST TMNGNDQALP LLCGKETMIS VFLILFIALV GLVGNAFVLW LLGFRMRRNA FSVYVLSLAG 

Cyno    -------MDP TTPAWGTEST TMNGNDQALP LLCGKETMIS VFLILFIALV GLVGNAFVLW LLGFRMRRNA FSVYVLSLAG 

Minipig TRGGFLSLDP TTPAWETEPT PMGGSNQ--- TCSQVFDMSL TLLTGIMALG GLAGNAVVMW LLGFRLRRNS FSVYILNLAA 

Pig     TRGGFLSLDP TTPAWETEPT PMGGSNQ--- TCSQVFDMSL TLLTGIMALG GLAGNAVVMW LLGFRLRRNS FSVYILNLAA 

Beagle  TSGGFLSIDP TGPAWESTFT PKNASDQPFL QTPNVQTVIT ASLSLTFALG GLAGNVIVLW FLGFRMRRNA FSVYILNLAG 

Rat     MEERNISEML RVDSKILNST AVNES-APGM FFCVVVFNRM ILLSFIVALV GLVGNATVLW FLGFQMPRNA FSVYILNLAG 

Mouse   MSGDFLIKNL STSAWKTNIT VLNGSYYIDT SVCVTRNQAM ILLSIIISLV GMGLNAIVLW FLGIRMHTNA FTVYILNLAM 

 

 

Human   ADFLFLCFQI INCLVYLSNF FCSISINFPS FFTTVMTCAY LAGLSMLSTV STERCLSVLW PIWYRCRRPR HLSAVVCVLL 

Rhesus  ADFLFLCFQM TSCLAYLINF FGSISINIPS FFT-VMTCAY LAGLSMLSAI STERCLSVLW PIWYRCRRPR HLSAVMCVLL 

Cyno    ADFLFLCFQM TSCLAYLINF FGSISINIPS FFT-VMTCAY LAGLSMLSAI STERCLSVLW PIWYRCRRPR HLSAVMCVLL 

Minipig ADFLLLLLHI LYSLQNLIIS FHSSAFSFPR FFTTVLTFAY LAGLSLLSAI STERCLSVLC PIWYRCRRPR HLSAVMCALL 

Pig     ADFLLLLLHI LYSLQNLIIS FHSSAFSFPR FFTTVLTFAY LAGLSLLSAI STERCLSVLC PIWYRCRRPR HLSAVMCALL 

Beagle  ADFLYLSFQT VYSLEQLVN- FHSTPLAIPS FFTTVWTFAY IASLSILSAI SLERCLSALC PIWYRCHRPK HTSAVMCALL 

Rat     ADFLCICFHI GHYLYNILDT -DSIPIEVPA FFTVVRNFAY LCGLSILSAI SLERCLSVLW PIWYRCQRPR HTSVVICTLL 

Mouse   ADFLYLCSQF VICLLIAFYI FYSIDINIPL VLYVVPIFAY LSGLSILSTI SIERCLSVIW PIWYRCKRPR HTSAITCFVL 

 

 

Human   WALSLLLSIL EGKFCGFLFS DGDSGWCQTF DFITAAWLIF LFMVLCGSSL ALLVRILCGS RGLPLTRLYL TILLTVLVFL 

Rhesus  WALSLLLSIL EGKFCGFLFS DDDPGWCQTF DFITAAWLMF LFVVLCGSSL ALLVRILCGS RSLPLTRLYL TILLTVLIFL 

Cyno    WALSLLLSIL EGKFCGFLFS DGDSGWCQTF DFITAAWLMF LFVVLCGSSL ALLVRILCGS RSLPLTRLYL TILLTVLIFL 

Minipig WALSLLLSIL EAKDCGFLSM SFNLIWCRLF DFITAGWLTF LFVLLAGSSL ALLGRILSKS QRLQLTRLYV TVALTVLVFL 

Pig     WALSLLLSIL EAKDCGFLSM SFNLIWCRLF DFITAGWLTF LFVLLAGSSL ALLGRILSKS QRLQLTRLYV TVALTVLVFL 

Beagle  WALSLLLSIL EGQYCGFLFL DLDYGWCRAF DFITATWLIF LFVLLSGSSL ALLTRLLCSS QRVPLTRLYV TVVLTVLAFL 

Rat     WVMSLVLSLL EGKECGFIFS LSGSHWCPIF DFITTAWLII LFVLLLVSSL ALVITIFCGL HRIPVTRLCV AIVLTVMVFL 

Mouse   WVMSLLLGLL EGKACGLLFN SFDSYWCETF DVITNIWSVV FFGVLCGSSL TLLVRIFCGS QRIPMTRLYV TITLTVLVFL 
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Human   LCGLPFGIQW FLILWIWKDS DVLFCHIHPV SVVLSSLNSS ANPIIYFFVG SFRKQWRL-- -QQPILKLAL QRALQDIAEV 

Rhesus  LCGLPFGIQW FLILWIWKNS VVLFCHIHPI SVVLSSFNSS ANPIIYFFVG SFRKQWRL-- -RQPILKLAL QRALQDTAEV 

Cyno    LCGLPFGIQW FLILWIWKNS DVLFCHIHPV SVVLSSFNSS ANPIIYFFVG SFRKQWRL-- -RQPILKLAL QRALQDTAEV 

Minipig ICGLPFGVYW FIIIWIHN-D LFMYSCHFLV ATTLSCVNSC ANPIIYFLVG SFRRRQRPKR RRRQTLRVVL QKALEDVWDV 

Pig     ICGLPFGIYW FIIIWIHN-D LFMYSCHFLV ATTLSCVNSC ANPIIYFLVG SFRRRQRPKR RRRQTLRVVL QKALEDVWDV 

Beagle  LCGLPFGIHW FLLFWIQTRS HVILWHLYLV ALVLSCVNSC ANPVIYFFVG SFRQR-WP-- RQQKTLKMVL QRALQDVTGG 

Rat     LFGLPYGIYW FLLEWIEGFN YIFLCSFYSV ALFLSCVNGC ANPIIYFLVG AIRHHRFQ-- --RKSLKLLL QQAMQDTPET 

Mouse   IFGLPFGIYW ILYQWISNFY YVEICNFYLE ILFLSCVNSC MNPIIYFLVG SIRHRRFR-- --RKTLKLLL QRAMQDTPEE 

 

 

Human   DHS--EGCFR QG-----TPE MSRSSLV-- 

Rhesus  DHS--EGCFS QG-----TLE MSRSSLV-- 

Cyno    DHS--EGCFS QG-----TLE MSRSSLV-- 

Minipig DES--EGTLP QE-----TLE VSGSSLVP- 

Pig     DES--EGTLP QE-----TLE VSGSSLVP- 

Beagle  DDS--EVSSP QE-----HLE MSGNSLVF- 

Rat     EECIEMGSSE RSREIKNSLE ETKSCFDQS 

Mouse   EQSGNKSSSE HP----EELE TVQSCS--- 
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Figure S5 

Calcium assay
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Fig. S5 Legend: Activation of hMrgX2 vancomycin in hMrgX2ProLink-CHO cells 

hMrgX2ProLink-CHO cells were challenged with vancomycin up to 0.3 mM. Agonist effects 

on intracellular calcium were determined using FLIPRTETRA and agonist-induced association 

of hMrgX2 with -arrestin was measured by enzyme fragment complementation (EFC). Data 

were normalised to the effect of cortistatin-14 (100%); n=6 technical replicates from a single 

experiment are shown (mean ± SD). Maximal effects were not achieved at top concentrations 

tested therefore curves were not fitted. Unpaired t-test with Welch's correction showed 

significant effects at 0.1 and 0.3 mM vancomycin in the calcium assay (* p<0.05; **p<0.01). 
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Figure S6 

cDNA sequences of full-length beagle and minipig MrgX2 described in this study. The AGC 

(serine) codons that were mutated to ATG (methionine) to form the start codon of truncates 

used in assays, are highlighted in red. 

Beagle MrgX2: 

ATGCGGCGGG CCGCCTTCCC CAGCGCCGTG CCCAGCCTGG AGGACAAGAA GCCCGTGAAG AGCGCCGTGA 

GCTGCTGCCC CGCCGGCAGC AACTACAGCG GCAGCGGCGT GCACGGCACC CCCCCCCTGA GCCACCACAA 

GGCCGCCATC CTGCTGACCC TGCAGAGCCA GAGCAGCAGC CCCGGCGGCG ACGAGGCCCG GGACTGCCGG 

TGCAGCCGGC TGTTCTGCGT GCCCCGGAAC ACCAGCGGCG GCTTCCTGAG CATCGACCCC ACCGGCCCCG 

CCTGGGAGAG CACCTTCACC CCCAAGAACG CCAGCGACCA GCCCTTCCTG CAGACCCCCA ACGTGCAGAC 

CGTGATCACC GCCAGCCTGA GCCTGACCTT CGCCCTGGGC GGCCTGGCCG GCAACGTGAT CGTGCTGTGG 

TTCCTGGGCT TCCGGATGCG GCGGAACGCC TTCAGCGTGT ACATCCTGAA CCTGGCCGGC GCCGACTTCC 

TGTACCTGAG CTTCCAGACC GTGTACAGCC TGGAGCAGCT GGTGAACTTC CACAGCACCC CCCTGGCCAT 

CCCCAGCTTC TTCACCACCG TGTGGACCTT CGCCTACATC GCCAGCCTGA GCATCCTGAG CGCCATCAGC 

CTGGAGCGGT GCCTGAGCGC CCTGTGCCCC ATCTGGTACC GGTGCCACCG GCCCAAGCAC ACCAGCGCCG 

TGATGTGCGC CCTGCTGTGG GCCCTGAGCC TGCTGCTGAG CATCCTGGAG GGCCAGTACT GCGGCTTCCT 

GTTCCTGGAC CTGGACTACG GCTGGTGCCG GGCCTTCGAC TTCATCACCG CCACCTGGCT GATCTTCCTG 

TTCGTGCTGC TGAGCGGCAG CAGCCTGGCC CTGCTGACCC GGCTGCTGTG CAGCAGCCAG CGGGTGCCCC 

TGACCCGGCT GTACGTGACC GTGGTGCTGA CCGTGCTGGC CTTCCTGCTG TGCGGCCTGC CCTTCGGCAT 

CCACTGGTTC CTGCTGTTCT GGATCCAGAC CCGGAGCCAC GTGATCCTGT GGCACCTGTA CCTGGTGGCC 

CTGGTGCTGA GCTGCGTGAA CAGCTGCGCC AACCCCGTGA TCTACTTCTT CGTGGGCAGC TTCCGGCAGC 

GGTGGCCCCG GCAGCAGAAG ACCCTGAAGA TGGTGCTGCA GCGGGCCCTG CAGGACGTGA CCGGCGGCGA 

CGACAGCGAG GTGAGCAGCC CCCAGGAGCA CCTGGAGATG AGCGGCAACA GCCTGGTGTT CTGA 

Minipig MrgX2: 

ATGGGCGCCC TGAGCTGGCT GGACCTGGAG CTGCTGGACT GCAGCCAGCG CAGCCTGCTG GCCGAGGGCG 

CCGAGGAGGT GAACCGCGGC ACCCGCGGCG GCTTCCTGAG CCTGGACCCC ACCACCCCCG CCTGGGAGAC 

CGAGCCCACC CCCATGGGCG GCAGCAACCA GACCTGCAGC CAGGTGTTCG ACATGAGCCT GACCCTGCTG 

ACCGGCATCA TGGCCCTGGG CGGCCTGGCC GGCAACGCCG TGGTGATGTG GCTGCTGGGC TTCCGCCTGC 

GCCGCAACAG CTTCAGCGTG TACATCCTGA ACCTGGCCGC CGCCGACTTC CTGCTGCTGC TGCTGCACAT 

CCTGTACAGC CTGCAGAACC TGATCATCAG CTTCCACAGC AGCGCCTTCA GCTTCCCCCG CTTCTTCACC 

ACCGTGCTGA CCTTCGCCTA CCTGGCCGGC CTGAGCCTGC TGAGCGCCAT CAGCACCGAG CGCTGCCTGA 

GCGTGCTGTG CCCCATCTGG TACCGCTGCC GCCGCCCCCG CCACCTGAGC GCCGTGATGT GCGCCCTGCT 

GTGGGCCCTG AGCCTGCTGC TGAGCATCCT GGAGGCCAAG GACTGCGGCT TCCTGAGCAT GAGCTTCAAC 

CTGATCTGGT GCCGCCTGTT CGACTTCATC ACCGCCGGCT GGCTGACCTT CCTGTTCGTG CTGCTGGCCG 

GCAGCAGCCT GGCCCTGCTG GGCCGCATCC TGAGCAAGAG CCAGCGCCTG CAGCTGACCC GCCTGTACGT 

GACCGTGGCC CTGACCGTGC TGGTGTTCCT GATCTGCGGC CTGCCCTTCG GCGTGTACTG GTTCATCATC 

ATCTGGATCC ACAACGACCT GTTCATGTAC AGCTGCCACT TCCTGGTGGC CACCACCCTG AGCTGCGTGA 

ACAGCTGCGC CAACCCCATC ATCTACTTCC TGGTGGGCAG CTTCCGCCGC CGCCAGCGCC CCAAGCGCCG 

CCGCCGCCAG ACCCTGCGCG TGGTGCTGCA GAAGGCCCTG GAGGACGTGT GGGACGTGGA CGAGAGCGAG 

GGCACCCTGC CCCAGGAGAC CCTGGAGGTG AGCGGCAGCA GCCTGGTGCC CTGA 

 



Promiscuous activation of MrgX2 by basic peptides 
 

12 
 

Table S1: Peptides tested within this study for activation of hMrgX2 

Peptide or polymer Sequence (single letter code) Length 

(amino  

acids) 

Predict

ed 

charge 

at pH 

7.0 

hMrgX2ProLink-CHO agonist 

pEC50 

Calcium 

Mobilisation 

-arrestin2 

association 

Cortistatin-14 PCKNFFWKTFSSCK-acid [Disulfide bridge: 2–13] 14 3 7.1 ± 0.29 

(n=6) 

7.1 ± 0.09 

(n=5) 

Compound 48/80 N/A Polymer¶ 4.5¶ 6.6 ± 0.05 

(n=2) 

5.9 

(n=1) 

Substance P RPKPQQFFGLM-amide 11 3 6.4 

(n=1) 

6.5 

(n=1) 

GSK3212448; 

Peptide 1 

Ac-*-Nle-FS*NRQKILRRT*ILN*EWKQR-amide 24 5 6.1 ± 0.14 

(n=4) 

6.0 ± 0.10 

(n=4) 

Peptide 2  cyclo(Yf-HFΦRHRHE(QK(Ahx-biotin)-amide) 11 1 5.4 ± 0.03 

(n=4) 

5.45 ± 0.09 

(n=3) 

Peptide 3 Ac-FSSNRRKIL-*-RTRILN-*-EWKQRRIQPV-amide 27 7 6.4 ± 0.05 

(n=4) 

6.0 ± 0.02 

(n=3) 

Peptide 4 Ac-*- Nle -FS*NRQKILERT*ILN*EWKQR-amide     24 3 5.4 ± 0.05 

(n=4) 

5.2 ± 0.06 

(n=3) 

Peptide 5 Ac-*-Nle-FS*NRQKILERTEILNQEWKQR-amide       24 2 4.9 ± 0.09 

(n=4) 

<4.7 

(n=3) 

Peptide 6;  Ac-FSSNR*KIR*RTEILN*EWK*R-amide 22 4 5.9 ± 0.06 

(n=4) 

5.7 ± 0.08 

(n=4) 

Peptide 7;  Ac-FSSNR*KIL*RTEILN*EWK*R- amide 22 3 5.6 ± 0.06 

(n=4) 

5.3 ± 0.05 

(n=4) 

Peptide 8;  Ac-F*SNR*KILERTEILN*EWK*R- amide 22 2 6.2 ± 0.03 

(n=4) 

6.65 ± 0.17 

(n=4) 

Peptide 9; Ac-S-Nle-FSSNRQKILERTEILNQEWKQR-amide 24 2 <4.7 

(n=3) 

<4.7 

(n=4) 

Peptide 10; AGYLLGKINLKALAALAKKIL-amide 21 5 <4.7 

(n=4) 

4.9 ± 0.05 

(n=4) 

Peptide 11; 

 

Ac-RRRRRRRRR-amide 9 9 6.9 ± 0.1 

(n=3) 

5.8 ± 0.1 

(n=3) 

Peptide 12; Ac-AEEIE-acid 5 -4 <4.7 

(n=3) 

<4.7 

(n=3) 

Peptide 13; Ac-PIEVCMYREP-amide 10 -1 <4.7 

(n=3) 

<4.7 

(n=3) 

Peptide 14; Ac-FSSNRQKILERTEILNQEW-amide 19 0 <4.7 

(n=3) 

<4.7 

(n=3) 

Peptide 15; ¶¶Sequence not disclosed 

 

12 -1 <4.7 

(n=1) 

NT 

Peptide 16;  ¶¶Sequence not disclosed 

 

10 -1 <4.7 

(n=3) 

<4.7 

(n=3) 

Peptide 17; EGIEEEGGE-amide 9 -4 <4.7 

(n=3) 

<4.7 

(n=3) 

Peptide 18;  Pyroglutamic-EP-amide  3 -1 <4.7 

(n=3) 

<4.7 

(n=3) 
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Peptide 19; TAT 

peptide 

Ac-RKKRRQRRRPPQ-amide 12 8 6.2 ± 0.18 

(n=4) 

5.3 ± 0.05 

(n=3) 

 

hMrgX2 pEC50 values generated using DiscoverX calcium mobilisation and -arrestin2 

association assays. Curves on each assay occasion were constructed from duplicate 

determinations at each concentration tested; n refers to the number of separate assay 

occasions. 

¶Compound 48/80 is a polymerised chain of 3-6 repeats of N-methyl-p-

methoxyphenethylamine; since each repeating unit contains a single secondary amine group 

we estimated charge at pH 7.0 to be 4.5. 

¶¶denotes a GSK confidential sequence not disclosed here. 

NT:Not Tested 

N/A: Not applicable. 

Abbreviations: Nle: Norleucine. Yf= pentafluorophenylalanine residue. Φ= 2-naphthylalanine 

residue. 

Asterisks (*) within peptide sequences indicate positions of intrahelical crosslinks 

(hydrocarbon groups) that are reported to promote stability and the propensity to form helices 

and penetrate cells [6, 7].  
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Table S2: Peptides tested in the literature for activation of hMrgX2 

Peptide or polymer Sequence (single 

letter code) or CAS 

number 

Length 

(amino  

acids) 

Predicted 

charge at 

pH 7.0 

Mean hMrgX2 agonist pEC50 Ref.s 

Calcium 

mobilisatio

n 

B-arrestin 

association 

 

PAMP(9-20) FRKKWNKWALSR-NH2 12 6 6.8 5.5 [8, 9] 

Cetrorelix CAS #: 145672-81-7 10 2 6.2 6.1 [8, 9] 

Kallidin KRPPGFSPFR 

 

10 

3 

4.9 

<4.5 

[8, 9] 

-neoendorphin YGGFLRKYPK 10 3 5.4 <4.5 [8] 

-neoendorphin YGGFLRKYPK 9 2 5.1 5.1 [8] 

BAM22 YGGFMRRVGRPEWW

MDYQKRYG 

22 

3 

5.1 

NT 

this study 

BAM8-22 VGRPEWWMDYNKRY

G 

15 

1 

5.0 

5.0 

[8] 

 -endorphin YGGFMTSEKSQTPLVTL

FKMAIIKNAYKKGE 

31 

3 

4.5* 

<4.5 

[8] 

Dermorphin CAS #: 77614-16-5 7 0 <4.5 <4.5 [8] 

Dynorphin A (1-13) YGGFLRRIRPKLK 13 5 6.0 4.5 [8] 

Dynorphin A (1-17) YGGFLRRIRPKLKWDN

Q 

17 

4 

5.6 

4.7 

[8] 

Dynorphin A (13-

17) 

KWDNQ 5 

0 

<4.5 

<4.5 

[8] 

Dynorphin A (1-6) YGGFLR 6 1 <4.5 <4.5 [8] 

Dynorphin A (1-7) YGGFLRR 7 2 <4.5 <4.5 [8] 

Dynorphin A (1-8) YGGFLRRI 8 2 <4.5 <4.5 [8] 

Dynorphin A (1-9) YGGFLRRIR 9 3 4.8 <4.5 [8] 

Dynorphin A (6-17) RRIRPKLKWDNQ 12 4 4.4 <4.5 [8] 

Dynorphin B (1-13) YGGFLRRQFKVVT 13 3 5.2 4.5 [8] 

Endomorphin-1 YPWF-NH2 4 0 <4.5 <4.5 [8] 

Endomorphin-2 YPFF-NH2 4 0 <4.5 <4.5 [8] 

Leu-enkephalin YGGFL 5 0 <4.5 <4.5 [8] 

Met-enkephalin YGGFM 5 0 <4.5 <4.5 [8] 

Somatostatin 1-28 SANSNPAMAPRERKAG

CKNFFWKTFTSC 

[Disulfide bridge: 17-

28] 

28 4 6.1 5.4 [10] 

Icatibant CAS #: 130308-48-4 10 3 5.0 NT (McNeil et al., 2015) 

PACAP(1-27) HSDGIFTDSYSRYRKQM

AVKKYLAAVL 

27 4 7.3 NT L.Wolfe, 

unpublished 

S. aureus delta 

toxin 

MAQDIISTIG 

DLVKWIIDTV NKFTKK 

26 1 Active  [11] 
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CAS numbers are provided for peptides containing non-canonical amino acids (or cyclic 

peptides). Where no pEC50 could be derived (“not calculable”) due to lack of saturation at 

100 M, this is indicated here as pEC50<4.5. 

*Estimated from Fig.4B of [8] 

NT:Not Tested 

N/A: Not applicable.  
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Table S3: Accession identifiers for receptors tested in this study 

Species 
Gene 

Symbol 

ENSEMBL or GenBank 

gene identifier 

Uniprot 

accession 

Human (Homo 

sapiens) 
MRGPRX2 ENSG00000183695 Q96LB1 

Rhesus monkey 

(Macaca mulatta) 
MRGPRX2 ENSMMUG00000016134 G7NBG1 

Cynomolgus 

monkey (Macaca 

fascicularis) ¶¶ 

MRGPRX2 XM_015435307 
Q5U9D9 

(See below) 

Pig (Sus scrofa) ¶ MRGPRX2 ENSSSCG00000013356 A0A287A7M4¶ 

Minipig 

(Sus scrofa) ¶ 
MRGPRX2 MK107838 (full-length) A0A287A7M4¶ 

Beagle (Canis 

lupus familiaris) 
N/A MK107837 (full-length) F1PMN3¶¶¶ 

Mouse (Mus 

musculus)  
Mrgprb2  ENSMUSG00000050425 Q3KNA1 

Rat (Rattus 

norvegicus)  
Mrgprb3 ENSRNOG00000028982 F1LLV4 

Rat (Rattus 

norvegicus)* 
Mrgprx1 ENSRNOG00000037156 E9PTZ2 

Rat (Rattus 

norvegicus)* 
Mrgprx2l ENSRNOG00000022729 E9PTZ8 

Rat (Rattus 

norvegicus)* 
Mrgprx2 ENSRNOG00000033665 F7F3V7 

 

*All MrgX2 orthologues above conferred responses to 48/80, except for rat Mrgprx1 Mrgprx2l 

and Mrgprx2. 

¶ Pig and minipig MrgX2 differ at a single amino acid position.  
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¶¶ Uniprot accession Q5U9D9 (Cynomolgus monkey MRGPRX2) refers to Genbank sequence 

AY722458. Our attempts to express the corresponding protein sequence (AY722458) did not 

yield responses to 48/80 (data not shown). AY722458 differs from a more recent GenBank 

entry, XM_015435307, at six amino acid positions, and XM_015435307 is most similar to 

Rhesus MRGPRX2, differing in four positions (mismatches: amino acids 174, 176, 253, 262). 

As shown herein, expression of XM_015435307 conferred responses to 48/80, therefore 

XM_015435307 is likely the authentic sequence for Cynomolgus monkey MRGPRX2. 

¶¶¶ Uniprot accession F1PMN3 is an N-terminally truncated version of predicted full-length 

dog MrgX2 (Genbank accession MK107837) and also differs in one amino acid position.  
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