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ABSTRACT: Mas-related G protein-coupled receptor X2 (MrgX2) plays a key role in pseudoallergy reactions; thus, it is of great
significance to screen compounds with antipseudoallergy activity via MrgX2. Cell membrane chromatography (CMC) demonstrates
great potential in drug screening, but it requires further optimization to improve its specificity and stability. In this study, a new
CMC system incorporating His-tag-oriented immobilized proteins was constructed to screen MrgX2 antagonists. Single His-tag-
fused MrgX2 was extracted intactly and covalently bond to divinyl sulfone-modified amino silica gel to obtain bioaffinity composites.
The characterized composites were utilized to establish a MrgX2-His-tag@VS/CMC system to screen MrgX2 antagonists.
Compound Z-3578 was screened from a G protein-coupled receptor compound library of 3010 compounds and revealed its efficient
antipseudoallergy activity in vitro and in vivo via MrgX2. In conclusion, the new oriented-immobilized CMC system will provide an

efficient analytical tool for screening active precursors.

B INTRODUCTION

Allergic diseases are a group of allergen-induced immune
disorders that initiate various symptoms. Mas-related G
protein-coupled receptor X2 (MrgX2), expressed on dorsal
root ganglia and human mast cell lines,"” can be activated by a
variety of basic molecules such as substance P (SP),
mastoparan, compound 48/80 (C48/80), and neuropeptide
Y,? leading to mast cell degranulation and induces an
inflammatory response. It has been reported that activation
of MrgX2 modulates inflammatory pain and nonhistamine
itching in atopic dermatitis* and is also involved in localized
allergic reactions in chronic urticaria’ MrgX2 thus has
attracted much attention as a novel drug target,l’z’6 which
has been the most popular antiallergic target over the past few
years. Up to now, MrgX2 diverse antagonists have been found,
including natural compounds, saikosaponin A,” imperatorin
(IMP)® and rosmarinic acid,” and so forth and synthetic
compounds, EP262,' diaryl ureas,'"'” imperatorin deriva-
tives,"” phenalen-naphthalene compounds,"*'* and so forth.
Beyond that, DNA aptamer'® and single-stranded oligonucleo-
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tide'” were also demonstrated to possess antiallergic activity
via MrgX2. However, there are yet no marketed MrgX2
antagonists, and most of them are still in preclinical research.

Affinity-based drug discovery strategy is an important
strategy for drug discovery, which measured the ligand—
receptor affinity to reveal its potential bioactivity whether
through virtual calculations or actual measurements, such as
the molecular dockjng,18 biomolecular interaction analysis,19
and artificial intelligence.20
analysis included classical surface plasmon resonance
(SPR),”" isothermal titration calorimetry (ITC),”* fluores-
cence resonance energy transfer (FRET),” and emerging cell
membrane chromatography (CMC).** CMC is a bioaffinity
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Figure 1. Validation of constructed highly expressing MrgX2-His-tag-HEK293 cells. (A) Quantitative PCR validation of the relative expression
level of MrgX2 mRNA; (B) Western blot validation of the protein expression of MrgX2; (C) Western blot validation of the protein expression of
His-tag. Data are expressed as mean + SEM (n = 3). Two-tailed unpaired Student’s t test was used to determine significance in statistical
comparisons. Differences in data are considered significant, when **P < 0.01, ***P < 0.001, compared to HEK293 cells.

Figure 2. Preparation and characterization of SMA and SMALPs. (A) FT-IR spectra of SMA and SMAnh. (B) Membrane suspension of SMA and
MrgX2-His-SMALPs. (C) TEM of the membrane suspension of MrgX2-His-tag and SMA and MrgX2-His-SMALPs. (D) Particle size of MrgX2-

His-SMALPs.

chromatographic technique that immobilizes membrane
proteins on a chromatographic stationary phase, which mimics
the process of drug-ligand interaction in vivo, and provides an
efficient and convenient tool for drug discovery.”*"*® Protein
immobilization played an essential role in CMC, and affinity
tag coupling has been proved to achieve site-specific covalent
immobilizing proteins under milder conditions.”” Histidine
affinity tag (His-tag) is currently the most popular tag used for
protein purification due to its small size (0.84 kDa) and
minimal interference with protein expression and folding

5943

. 28 . : : 29
functions,” accurate for revealing receptor-drug interactions.

Additionally, an amphiphilic polymer styrene maleic acid
(SMA) copolymer was recently used to extract of functional
membrane proteins while preserving their natural lipid
environment, forming natural nanodiscs known as styrene-
maleic acid lipid particles (SMALPs),>*™** which has been
widely used to solubilize G protein-coupled receptors
(GPCRs) in vitro.**

In this study, a new CMC system incorporating immobilized
His-tag fused protein technology was constructed to screen
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Scheme 1. Schematic Diagram of the Construction of MrgX2-His-tag@VS/CMSP

MrgX2 antagonists. Single His-tag fused MrgX2 was extracted
intactly by SMA and covalently bonded to divinyl sulfone
(DVS)-modified amino silica gel to obtain bioaffinity
composites, which were utilized to establish an MrgX2-His-
tag@VS/CMC system to screen MrgX2 antagonists, from a
GPCR compound library of 3010 compounds. The screened
potential candidates were evaluated for their antipseudoallergic
activities via in vitro cell degranulation assays and an in vivo
mice allergy model.

B RESULTS AND DISCUSSION

Validation of Constructed Highly Expressing MrgX2-
His-tag-HEK293 Cells. MrgX2-His-tag-HEK293 cells, char-
acterized by high expression levels of MrgX2, were constructed
by fusing a His-tag onto the C-terminal end of MrgX2.
Quantitative PCR and Western blotting assays were used to
detect the changes in the mRNA and protein expression levels
of MrgX2. As shown in Figure 1A, the relative mRNA
expression level of MrgX2-His-tag-HEK293 cells was found to
be 660561.5-fold higher than that of wild-type HEK293 cells.
Additionally, the protein expression of MrgX2 in the MrgX2-
His-tag-HEK293 cells was significantly elevated, exhibiting a
2.2-fold increase compared to that in wild-type HEK293 cells
(Figure 1B), and the His-tag increased by 3.5-fold (Figure 1C).
The above results indicated that the MrgX2-His-tag-HEK293
cell line was successfully constructed.

Preparation of MrgX2-His-SMALPs. SMA was prepared
by hydrolysis of SMA copolymers® and used to extract
MrgX2, resulting in forming natural nanodiscs to maximize
preservation of the natural structure of MrgX2.”> SMA was
generated by mixing styrene maleic anhydride (SMAnh) with a
NaOH solution, and the disappeared stretching vibration
absorption at 1857 and 1778 cm™' and observed absorption
peaks at 1573 and 3435 cm™' indicated the successful
transition from SMAnh to SMA (Figure 2A). MrgX2 and
other proteins were then independently extracted from the cell
membrane in an SMA solution, forming MrgX2-His-tag SMA
lipid particles (MrgX2-His-SMALPs) and nontarget protein
SMA lipid particles (nontarget MPs-SMALPs), becoming a
clearer membrane suspension (Figure 2B). In this way, MrgX2
and other nontarget proteins were separated, and the SMALP
has a more consistent size at 7.489 + 0.246 nm (Figure 2C,D),
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which was basically in accordance with the reported average
diameter of SMALPs at 8—9 nm.*

Synthesis and Characterizations of MrgX2-His-tag@
VS/CMSP. His-tag was reported to be a covalent bond with
divinyl sulfone (DVS).”**” $i0,-VS was synthesized by
binding DVS on the surface of SiO,-NH, and further mixed
with a solution of MrgX2-His-SMALPs for oriented immobi-
lization of MrgX2-His-SMALPs on the SiO,-VS surface,
forming the MrgX2-His-tag@VS/CMSP, as depicted in
Scheme 1. This kind of covalent immobilization offers the
following advantages: SMA extracted minimal MrgX2 units
and maintained its activity; only His-tagged MrgX2 can bind to
the surfaces, effectively preventing nontarget proteins binding;
the intracellular His-tag bond to SiO,-VS facilitated the
directional immobilization of MrgX2, outward exposing its
extracellular active pockets.

The prepared MrgX2-His-tag@VS/CMSP was characterized
by SEM, TEM, and XPS. Compared with the smooth and
uncovered surfaces of SiO,-NH, and SiO,-VS, MrgX2-His-tag-
SMALPs exhibited obvious traces of membrane adhesion
(Figure 3A) and distinct translucent membrane cover (Figure
3B). XPS showed a significant increase of C 1s, N 1s, and P 2p
in the SiO,-VS and MrgX2-His-tag@VS, compared to SiO,-
NH, (Figure 3C-a—d); the observed characteristic peak of S
2p (Figure 3C-e) and C 1s peaks of C—C, C—0, and C=0 at
288.0, 285.7, and 284.5 eV (Figure 3C-f) in MrgX2-His-tag@
VS comprehensively indicated the successful binding of
MrgX2-His-tag@SMALPs onto the VS-SiO, surface.

System Suitability of MrgX2-His-tag@VS/CMC Sys-
tem. An MrgX2-His-tag@VS/CMC system was established by
using the prepared MrgX2-His-tag@VS/CMSP. (R)-ZINC-
3573, a highly selective MRGPRX2 agonist, exhibited strong
retention on the MrgX2-His-tag@VS/CMC system, while
negative drug, including metoprolol (f3;-receptor antagonist),
erlotinib (EGFR antagonist), and captopril (ACE inhibitor),
did not (Figure 4A), confirming the selectivity of the
MRGPRX2-His-tag@VSs/CMC system for MRGPRX2 ligands.
Meanwhile, three MrgX2 agonists, (R)-ZINC-3573, sinome-
nine, and ciprofloxacin, showed significantly retention on the
MrgX2-His-tag@VS/CMC system but not on the SiO,-VS/
CMC system (Figure 4B). This revealed the specificity of the
MRGPRX2-His-tag@VS/CMC system that the retention

https://doi.org/10.1021/acs.jmedchem.5c00258
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Figure 3. Characterization of MrgX2-His-tag@VS/CMSP. (A) Surface characterization of the silica gels by SEM, SiO,-NH,, SiO,-VS, and MrgX2-
His-tag@VS/CMSP. Scale bar: 1 um. (B) Fine structure characterization of the silica gels by TEM, SiO,-NH,, SiO,-VS, and MrgX2-His-tag@VS/
CMSP. Scale bar: 100 nm. (C) Surface analysis of SiO,-NH,, SiO,-VS, and MrgX2-His-tag@VS/CMSP by XPS: (a) XPS survey-scan; (b) C 1s;
(c) N 1Is; (d) S 2p; (e) P 2p (n = 3); (f) fitted curve of C 1s of MrgX2-His-tag@VS/CMSP.

properties were entirely attributed to their interaction with
immobilized MrgX2. Additionally, the MrgX2-His-tag@VS/
CMC system exhibited desirable intercolumn reproducibility
(RSD = 5.78%, n = 3) (Figure 4C), intracolumn reproduci-
bility 5.06% (n = S) (Figure 4D), and robust column activity
(Figure 4E), according to the retention time of (R)-ZINC-
3573.

Application of the MrgX2-His-tag@VS/CMC System
to Screen Antipseudoallergic Drugs. The established
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MrgX2-His-tag@VS/CMC system was utilized to identify
MrgX2 antagonists from the Express-Pick Library (L3600),
which is a GPCR compound library. A total of 3010
compounds were systematically combined in groups of 10,
yielding 301 distinct mixtures, which were subsequently
introduced into the MrgX2-His-tag@VS/CMC system. A
total of 48 mixtures, comprising 480 compounds, demon-
strated favorable retention characteristics and were utilized to
examine for the f-aminohexosidase release ability on LAD2

https://doi.org/10.1021/acs.jmedchem.5c00258
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Figure 4. System applicability of the MrgX2-His-tag@VS/CMC system. (A) Selectivity of the MrgX2-His-tag@VS/CMC system. Retention
behavior of metoprolol, erlotinib, captopril, and (R)-ZINC-3573 on the MrgX2-His-tag@VS/CMC system. (B) Specificity of the MrgX2-His-tag@
VS/CMC system. Retention behavior of sinomenine, ciprofloxacin, and (R)-ZINC-3573 was measured on the MrgX2-His-tag@VS/CMC system
(solid line) and on the VS-SiO,-VS/CMC system (dashed line). (C) Intercolumn reproducibility, n = 3. (D) Intracolumn reproducibility, n = S.
(E) Column lifetime of MrgX2-His-tag@ VS/CMC system, n = 3.

Figure S. MrgX2-His-tag@VS/CMC system for screening compound library. (A) Relative retention of mixed compounds (n = 301) in group of 10
in the MrgX2-His-tag@VS/CMC model. Ty: retention time of mixed compounds on the MrgX2-His-tag@VS/CMC system; T: retention time of
(R)-ZINC-3573 on the MrgX2-His-tag@VS/CMC system. (B) Compounds with twice the retention time of (R)-ZINC-3573 on the MrgX2-His-
tag@VS/CMC system inhibited SP-induced f-aminohexosidase release from LAD2 cells at a concentration of S0 M (n = 400). (C) Cell viability
of compounds that effectively inhibited f-aminohexosidase release by up to 75% at S0 uM (n = 71). (D) Retention behavior of Z-0354, Z-1344, Z-

1347, Z-2537, and Z-3466 on the MrgX2-His-tag@VS/CMC system. (E) Retention behavior of Z-3578 on the MrgX2-His-tag@VS/CMC system.
(F) The structure of Z-3578. Values are expressed as mean = SEM (n = 3).
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Figure 6. Evaluation of the cell viability and antipseudoallergic effect of compound Z-3578. (A) The cell viability of compound Z-3578 in LAD2
cells. (B) The ICy, of compound Z-3578 inhibited the f-hexosidosidase release induced by SP and C48/80 in the LAD2 cell. (C) The histamine
release inhibited by compound Z-3578 at 1, S, and 10 4M compared with the SP group. (D) The TNF-a release inhibited by compound Z-3578 at
1, S, and 10 uM compared with the SP group. (E) Compound Z-3578 inhibited calcium mobilization of MrgX2-His-tag cells at 10 #M. Values are
expressed as mean + SEM. Multiple group comparisons were performed using ANOVA with a Dunnett’s post hoc test. Differences in data are
considered significant when *P < 0.0S, **P < 0.01, ***P < 0.001, compared to control (cell viability) or SP (n = 3).

cells in an individual compound (Figure SA). Seventy
compounds effectively inhibited the SP-induced S-amino-
hexosidase release (75%) at a concentration of SO uM (Figure
SB). Among them, 19 compounds showed low cytotoxicity
with cell viability greater than 85% (Figure SC), six out of
them exhibiting significant retention properties on the MrgX2-
His-tag@VS/CMC system, namely, compounds Z-0354, Z-
1344, 7-1347, 7-2537, Z-3466, and Z-3578 (Figure SD,E).
The most potential compound Z-3578 (Figure SF) was
selected to investigate for its antiallergic activity in vitro and in
vivo.

Compound Z-3578 Inhibited Fegranulation and
Inflammatory Factor Release in Mast Cells. When
pseudoallergic reactions occur, mast cells (MCs) are activated
to degranulate, releasing a range of inflammatory mediators
such as - hexosaminidase, histamine, and cy’cokines.Sg’39 Sp
and C48/80, two MrgX2 agonists, can induce degranulation of
MCs.”” Without obvious cell cytotoxicity (Figure 6A),
compound Z-3578 effectively inhibited SP and C48/80-
induced fB-aminohexosidase release in a concentration-depend-
ent manner, with half inhibitory concentration (ICs,) values of
4.90 + 0.50 and 6.18 + 1.06 uM (Figure 6B), respectively.
Moreover, Z-3578 exhibited remarkably reduced histamine and
cytokine TNF-a release in a concentration-dependent manner
(Figure 6C,D). The activation of MrgX2 is concomitant with
calcium mobilization, and 10 ymol/L Z-3578 also resulted in
diminished calcium mobilization (Figure 6E). The above in
vitro results indicated that compound Z-3578 possessed
potential antagonistic activity against pseudoallergic reactions.

Compound Z-3578 Inhibited Pseudoallergic Re-
sponse in Mice. MrgB2, the mouse homologue of MrgX2,
was used to further evaluate the antipseudoallergic activity of

compound Z-3578 via in vivo model of local allergic reactions.
Z-3578 substantially decreased the thickness of mice paws at
0.5 and 1.0 mg/mL (Figure 7A,B) and reduced the Evans blue
extravasation at 1.0 mg/mL (Figure 7A,C), compared to the
C48/80 group. Toluidine blue staining revealed that Z-3578
could attenuate the mast cell degranulation induced by C48/
80 in mice (Figure 7E), which was in accordance with the paw
swelling and Evans blue extravasation. Additionally, Z-3578
substantially decreased serum histamine release in mice
(Figure 7D). These results indicate that Z-3578 was capable
of inhibiting pseudoallergic reactions in both mast cells and
mice.

Binding Properties between the Potential Com-
pound Z-3578 and MrgX2. Protein-based affinity chroma-
tography has been widely used for detecting ligand—receptor
interactions.”*' ™ To further investigate the interaction
between Z-3578 and MrgX2, frontal analysis was first used
to examine the binding affinity of Z-3578 with MrgX2. The
breakthrough curve was gradually moved forward as the
increasing concentration of compound Z-3578, indicating the
saturation of the ligand—receptor interaction, and the Ky, value
was calculated as 1.41 + 0.73 X 107 mol/L (Figure 8A).
Furthermore, zonal elution was used to investigate the
competitive binding of compound Z-3578 with (R)-ZINC-
3573. With the increasing concentration of (R)-ZINC-3573
ranging from 0 to 1.0 X 1077 mol/L, the retention times of
compound Z-3578 were decreased from 58.73 to 23.73 min
(Figure 8B), respectively, which indicated that compound Z-
3578 exhibited competitive binding effect with (R)-ZINC-
3573 to MrgX2. The classical SPR assay was also used to
determine the binding ability between Z-3578 and MrgX2, and
the Kp, value was calculated as 7.29 X 1077 mol/L (Figure 8C).

https://doi.org/10.1021/acs.jmedchem.5c00258
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Figure 7. Compound Z-3578 inhibited C48/80-induced pseudoallergic reactions in vivo. (A) Representative pictures of paw swelling and Evans
blue exudation in mice; left paw: injection of C48/80; right paw: injection of saline. (B) Rates of paw swelling in mice. (C) Rates of Evans blue
exudation in mice. (D) Effect of compound Z-3578 on C48/80-induced histamine release in mice. (E) Toluidine blue staining of the skin of the
paws of the mice. Values are expressed as mean = SEM. Multiple group comparisons were performed using ANOVA with a Dunnett’s post hoc test.
Differences in the data are significant when *P < 0.05, **P < 0.01, ***P < 0.001, when compared with the C48/80 group (n = S).

The interaction pattern of Z-3578 with MrgX2 was further
explored by molecular docking. Z-3578 and (R)-ZINC-3573
bound in the same cavity of the MrgX2 (Figure 8D) and
formed a strong hydrogen bond with amino acid residue
Trp243 at a length of 1.9 A (Figure 8E). This result was
consistent with the previous reference of MrgX2 agonists.** All
in all, compound Z-3578 demonstrated a robust binding
affinity to MrgX2.

B CONCLUSIONS

In this study, we developed a small-molecule ligand screening
system, designated as the MrgX2-His-tag@VS/CMC system,
which leverages the innovative fusion of His-tag and SMA
technology. This system demonstrated robust column
performance, desirable specificity, promising selectivity, and
significantly prolonged stability. It was effectively employed to
screen for MrgX2 antagonists within a GPCR compound
library comprising 3010 compounds. Compound Z-3578
emerged as a potential MrgX2 antagonist, exhibiting significant
inhibitory effects on the release of f-aminohexosidase,
histamine, and inflammatory mediators in LAD2 cells, as
well as effectively alleviating allergic reactions in mice. In
conclusion, this novel oriented-immobilized CMC system
represents a promising platform for the screening of potential
small-molecule compounds and offers an innovative strategy
for the identification and discovery of active precursors.
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B METHODS

Compounds and Reagents. Fetal bovine serum (FBS) was
obtained from Hyclone (Utah, USA). Penicillin—streptomycin
solution was purchased from Xi'an Hat Biotechnology Co., Ltd.
(Xi'an, China). Puromycin was procured from Meilunbio (Dalian,
China). MrgX2 antibody (ab237047) and His-tag (666005—1-lg)
were purchased from Abcam (Cambridge, UK) and Proteintech
(Wuhan, China), respectively. Express-Pick Library (L3600) was
purchased from Selleck Chemicals LLC (Houston, USA). Substance
P was synthesized by NJ Peptide Co., Ltd. (Nanjing, China). (R)-
ZINC-3573 was obtained from TOCRIS (Bristol, UK). Compound
48/80 (C48/80), p-nitrophenyl-N-acetyl-f-p-glucosamide, Triton X-
100, and histamine were purchased from Sigma-Aldrich (St. Louis,
MO). The purity of the synthesized product was >98%. d,-HA-12HCIl
(A, A, B, B-D,, 98%) was purchased from Cambridge Isotope
Laboratories, Inc. (MA, USA). The Fluo-3 AM/calcium ion
fluorescent probe was procured from GeneCopoeia (Maryland,
USA). The TNF-a Array kit was purchased from Sino Biological
Inc. (Beijing, China). All purified water was purchased from the
Hangzhou Wahaha Group Co., Ltd.

Hypotonic buffer A (2 mM EDTA and 2 uL/mL proteinase
inhibitor, 20 mM PBS, pH = 7.4), hypotonic buffer B (150 mM NaCl,
10% (v/v) glycerol, 20 mM Tris-HCl, pH = 8), tyrode’s solution (TM
buffer: NaCl 119 mM, KCl 4.7 mM, CaCl, 2.5 mM, MgSO,, 1.1 mM,
KH,PO, 1.1 mM, HEPES 10 mM, glucose 5 mM, BSA 6.3 mM, pH
7), and calcium imaging buffer (CIB: NaCl 125 mM, KCIl 3 mM,
CaCl, 2.5 mM, MgCl, 0.6 mM, HEPES 10 mM, glucose 20 mM,
NaHCOj; 1.2 mM, sucrose 20 mM, pH 7.4) were prepared separately
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Figure 8. Examination of the binding properties of Z-3578 with MrgX2. (A) MrgX2-His-tag@VS/CMC breakthrough curve of compound Z-3578
and the regression curves achieved by plotting 1/my,, vs 1/ [A]. The concentrations of Z-3578 were 2 X 1077, 4 X 1077, 6 x 1077, 8 X 1077, and 1
X 107 mol/L (from bottom to top). Each point with a horizontal bar represents the mean + SEM (n = 3). (B) Elution profiles of compound Z-
3578 on the MrgX2-His-tag@VS/CMC column with different concentrations of (R)-ZINC-3573. The concentrations of compound Z-3578 were 0,
2.0 X 107%,4.0 X 1078, 8.0 X 1078, and 1.0 X 1077 mol/L (from bottom to top). (C) Measurement of binding affinities between the compounds Z-
3578 and MrgX2 by the surface plasmon resonance assay. (D) Electrostatic surface representation of the MrgX2 extracellular pocket with Z-3578
and (R)-ZINC-3573. Compound Z-3578 is pink, and (R)-ZINC-3573 is cyan. (E) Molecular docking of compound Z-3578 with MrgX2.
Compound Z-3578 is pink, MrgX2 is purple, and the yellow color is the hydrogen bond.

before the experiments. Stop buffer was made up of 0.1 M Na,CO;
and 0.1 M NaHCO; (9:1).

Cell Lines and Cell Culture Conditions. The MrgX2-His-tag
cell line was constructed at Genomeditech (Shanghai, China). The
expressing cell line details are shown in the Supporting Information.
MrgX2-His-tag cells were maintained in DMEM with 10% FBS, 100
U/mL penicillin, 100 pg/mL streptomycin, and 0.75 pg/mL
puromycin.

The LAD2 cells kindly provided by Dr. A. Kirshenbaum and Dr. D.
Metcalfe (NIH, USA) were cultured in StemPro-34 medium
supplemented with 10 mL/L of StemPro nutrient supplement,
1:100 penicillin—streptomycin, 2 mM L-glutamine, and 100 ng/mL of
human stem cell factor at 37 °C with 5% CO,.

Mouse Models. Adult male C57BL/6 (6—8 weeks) mice were
purchased from the Medical Laboratory Animal Center of Xi'an
Jiaotong University. The mice had unrestricted access to food and
water and were kept in an environment with temperatures of 20—25
°C, 50—60% air humidity, and light and darkness cycling every 12 h.
The experimental protocols for mice were approved by the Animal
Ethics Committee at Xi'an Jiaotong University, Xi’an, China (permit
number: XJTU 2019-714).

Preparation and Characterization of MrgX2-His-tag-
SMALPs. A S g portion of SMA2000 powder was dissolved in 50
mL of 1 M NaOH solution at room temperature and then stirred
overnight. The solution was refluxed for 2 h and then cooled. Then
concentrated hydrochloric acid was then slowly added to the solution
to precipitate the polymer, which was washed four times with purified
water (3 X 20 mL). After an additional 60 mL of 0.6 M NaOH
solution was added to dissolve the polymer, the pH of the mixture was
adjusted to 8, and the mixture was dried in an oven at 40 °C. The
SMA powder was characterized by Fourier transform infrared
spectroscopy (FT-IR) (Nicolet Nexus-410, Madison, USA).

MrgX2-His-tag cells (1 X 107) were digested with trypsin and then
washed twice with phosphate-buffered saline (PBS). The cells were
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resuspended with 3 mL of buffer A, sonicated for 30 min, and
centrifuged at 1500 rpm for S min at 4 °C, and the supernatant was
collected. After adding 2 mL of hypotonic buffer to resuspend the
precipitate, the mixture was homogenized at 4 °C for 20 min and then
centrifuged at 1500 rpm for S min to collect the supernatant. The two
supernatants were combined and centrifuged at 12,000 rpm for 20
min. Also, the wet weight of the membrane was calculated.

Membranes were resuspended at a concentration of 30 mg/mL in
buffer B. SMA powder was added to the resuspension membrane
solution to give a final concentration of 2.5% (w/v), and the solution
was incubated for 2 h at 25 °C. After the membrane solution was
centrifuged at 12,000 rpm for 20 min at 4 °C, the supernatant
containing SMALPs was collected. SMALP suspensions were
characterized by using negative staining transmission electron
microscopy (TEM, JEM-1400, JEOL, Japan).

Preparation and Characterization of MrgX2-His-tag@VS/
CMSP. At 0 °C, 0.5 g of SiO,-NH, and 114 uL of DVS were added to
20 mL of N,N-dimethylformamide with 5.98 mg of 2% triphenyl-
phosphine (PPh;) as a catalyst. Then, the mixture was stirred at 0 °C
for 12 h. The product was washed three times alternately with purified
water and acetonitrile and then dried at 85 °C to obtain the SiO,-VS.

A 50 mg portion of SiO,-VS was added to the SMALP solution and
stirred at 25 °C for 12 h. The mixture was centrifuged at 5000g for 5
min to get the CMSP, which was resuspended with 2 mL of purified
water to obtain MrgX2-His-tag@VS/CMSP. The stationary phases
were verified by scanning electron microscopy (SEM, GEMINI 500,
ZEISS), transmission electron microscopy (TEM, JEM-1400, JEOL,
Japan), and X-ray photoelectron spectroscopy (XPS, ESCALAB 206
250xi spectrometer, Thermo Fisher, USA).

Systemic Applicability of the MrgX2-His-tag@VS/CMC
System. The prepared MrgX2-His-tag@VS/CMSP was loaded into
a chromatography column (10 X 2.0 mm i.d.) by the method of wet
packing to create the MrgX2-His-tag@VS/CMC column. Subse-
quently, compounds acting on other receptors, captopril, erlotinib,
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and metoprolol, were used as negative controls, and (R)-ZINC-3573
was used as a positive control to validate the selectivity of the MrgX2-
His-tag@VS/CMC column. The specificity of the (R)-ZINC-3573,%
ciproﬂoxacin,46 and sinomenine*” on the MrgX2-His-tag@VS/CMC
column and the Si0,-VS/CMC column was assessed by comparing
the retention time. Intercolumn repeatability was assessed by injecting
(R)-ZINC-3573 solution into three different MrgX2-His-tag@VS/
CMC columns, and intracolumn repeatability was assessed by
injecting (R)-ZINC-3573 solution into the same column five times
in a row. The relative standard deviation (RSD) of retention time was
calculated to evaluate the intracolumn and intercolumn repeatability.
Finally, daily injections of (R)-ZINC-3573 were performed to
investigate the lifespan of the column, which was assessed against
the change in retention behavior of the (R)-ZINC-3573.

Application of the System for Screening of Small-Molecule
Compound Library. Each group of 10 compounds from the
compound library was combined to create a 20 uL blended sample,
with 0.5 uL of each compound aspirated and diluted with 15 uL of
methanol. Mixed samples exhibiting significant retention properties
on the MrgX2-His-tag@VS column were examined for the f-
aminohexosidase release of individual compounds. Additionally, the
cell viability of the compounds was assessed in conjunction with
screening antipseudoallergic compounds. LC-2030C (Shimadzu,
Japan) was used for CMC drug screening. The screening process of
small-molecule compound was carried out using the following
chromatographic conditions: MrgX2-His-tag@VS/CMC column (10
X 2.0 mm id.); mobile phase: S mM Na,HPO, solution; column
temperature: 37 °C; detector: diode array detector; injection volume:
3 uL; flow rate: 0.2 mL/min.

Cell Viability Assay. LAD2 cells (2 X 10* cells per well) were
seeded in a 96-well plate and treated with different concentrations of
the compounds. Five replicate wells were set up for each
concentration. The plate was incubated at 37 °C with 5% CO, for
24 h, and then, each well was treated with 10 uL of CCKS8
(mishushengwu, Xi'an, China) for 2 h. The optical density (OD) of
each well was measured at 450 nm, and the LAD2 cell viability was
calculated using the following formula:

OD, - ODblank

treated

cell viability = X 100%

ODcontrol - ODblank

pB-Hexosaminidase Release Assay. LAD2 cells (5 x 10* cells
per well) were seeded into 96-well plates and cultivated for 2 h in the
incubator. After centrifuging at 2000 rpm for 5 min, the supernatant
was discarded. Different concentrations of the compounds prepared
with TM buffer were added to the wells, and the TM buffer was added
in blank control and positive control wells. The plate was incubated
for 30 min. Then, the positive compound was added to the wells to
stimulate the cell. Also, the blank group was added to the same
volume TM bufter. Then, the plate was incubated for another 30 min
and centrifuged at 2000 rpm for S min. Fifty microliters of
supernatant was pipetted into a new plate, and the rest of the
supernatant in blank was discarded. The blank wells were lysed with
100 L of 0.1% Triton X-100 and centrifuged at 2000 rpm for S min,
and 50 uL of supernatant was also aspirated. Then, 50 uL of p-
nitrophenyl n-acetyl-f-p-glucosamide in 0.1 M citric acid/sodium
citrate buffer (pH = 4.5) was added to the supernatants and the plate
was incubated for 2 h. The stop buffer (0.1 mM Na,CO;/NaHCO;)
was added, and the plate was measured at 405 nm by a microplate
reader. The percentage of f-hexosaminidase released was calculated as
the absorbance of the culture supernatant/absorbance of the total cell
lysate supernatant X 100%.

Histamine Release Assay. The treatment of histamine release
was similar to that of the f-hexosaminidase assay. SP was used as an
agonist. After incubation with compound Z-3578, the supernatant was
collected and then S0 ng/mL d,-HA in acetonitrile was added. The
mixture was centrifuged at 12,000 rpm for 20 min at 4 °C. The
supernatant was collected, filtered, and analyzed for histamine content
using UHPLC-ESI-MS/MS.
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Intracellular Ca®* Mobilization Assay. MrgX2-His-tag cells (1
x 10* cells per well) were seeded in the 96-well plates and incubated
for 12 h. Then, the medium was discarded, and the plate was washed
twice with CIB buffer. The compound Z-3578 was prepared to a
concentration of 10 yM with the incubation buffer (3.5 mM Fluo-3
AM, 0.1% [w/v] F-127, diluted with CIB), and the incubation buffer
was added in the blank group. After being incubated for 30 min, the
supernatant of the plate was discarded, and the cells were washed
twice with CIB. The fluorescent microscope (Nikon, Ti-U, Japan) was
used to record cell dynamic changes of fluorescence intensity.

Chemokine Release Assay. The mixture of 20 #M of SP and
compound Z-3578 (1, S, and 10 M) was added to LAD2 cells (1 X
109/ well) using medium as a solvent, and the cells were incubated for
6 h. For blank group, cells were treated with medium instead of any
compound. The supernatant was collected for the ELISA kit assay.

Paw Swelling and Evans Blue Extravasation Assay. The CS7
mice were randomly divided into the treated group (0.1, 0.5, and 1
mg/ mL) and the C48/80 group, five mice in each group. A solution
(0.2 mL) at a concentration of 0.1, 0.5, and 1 mg/mL of compounds
and the same volume of solvent were administered by gavage to the
treated and C48/80 groups. Two hours later, the mice were
anesthetized by 25 mg/kg sodium pentobarbital intraperitoneally
and injected with 0.2 mL of 0.4% Evans blue in saline by tail
intravenous. The thickness of the left and right paws (La and Ra) was
measured for the first time by the Vernier caliper. Then, 5 uL of saline
and 60 pug/mL C48/80 were injected into the left and right soles of
mice, respectively. The paw thickness was recorded again after 15
min, and then, the mice were anesthetized and sacrificed by cervical
dislocation, decapitated, and executed. Photographs of the paws were
taken, and the right and left paws were clipped off in 1.5 mL EP tubes
and dried overnight at 60 °C. Each paw was weighed, and 450 uL of
acetone/saline (7:3) was added to the tube. The paw tissue was cut,
sonicated, and centrifuged to obtain the supernatant. The OD value of
each well was measured at 620 nm.

Serum Histamine Assay in Mice. The C57 mice were randomly
divided into the treated group (1, S, and 10 mg/mg), the C48/80
group, and control group (five mice in each group). The experimental
gavage method was consistent with the detection of paw swelling and
Evans blue extravasation in mice. Two hours later, mice were injected
with 0.2 mL of 30 ug/mL C48/80 in saline by tail intravenous. After 1
h, 0.5 mL of blood was collected from the eyes of the mice and placed
in EP tubes containing 1% sodium heparin. The blood was
centrifuged at 12,000 rpm for 20 min at 4 °C to obtain the serum.
The d-HA (serum: d-HA = 1:2 (V/V)) was added, mixed,
centrifuged, and filtered for mass spectrometry detection by
UHPLC-ESI-MS/MS.

Skin Toluidine Blue Staining in Mice. The C57 mice were
randomly divided into the treated (10 mg/kg), the C48/80, and the
control groups. A solution (0.2 mL) at the concentration of 1 mg/mL
of compound was administered by gavage to the treated. The same
volume of solvent was administered to C48/80 and the control
groups. Two hours later, the mice were anesthetized by 25 mg/kg
sodium pentobarbital intraperitoneally. Also, S uL of saline and 100
pug/mL C48/80 were injected into the left and right soles of mice.
After 15 min, the mice were sacrificed, and the skin tissue of the paw
was cut off and fixed by immersion in 4% paraformaldehyde. Next, the
skin tissue was embedded, sectioned, deparaffinized, antigen-repaired,
and blocked. Then the skin tissue was stained with toluidine blue and
sealed, and images were immediately taken using an ECLIPSE Ci-L
orthotopic imaging microscope (Nikon, Tokyo, Japan).

Frontal Analysis. The equilibrium dissociation constant (Kp)
reflects the affinity between the ligand and receptor, and the Kj, value
is determined using the frontal method analysis.*® Initially, 20 mM
Na,HPO, buffer solution served as a mobile phase A, and the
compound Z-3578 was dissolved in mobile phase A as mobile phase
B. By adjusting the ratio of mobile phase A and B, the concentrations
of compound Z-3578 ranging from 2 X 1077 to 1 X 107 mol/L were
achieved. After equilibration of the MrgX2-His-tag@VS column,
compound Z-3578 was sequentially introduced into the equilibrated
column from low to high concentrations. Once the breakthrough
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curve was reached, the column was returned to equilibrium with
mobile phase A before proceeding with the next concentration. The
Ky, value was calculated through the previous literature.*®

Zonal Elution. The zonal elution study of cell membrane
chromatography was used as described.*’ Briefly, 5 mM Na,HPO,
buffer solution as mobile phase A and (R)-ZINC-3573 in maximal
concentration were added in S mM Na,HPO, buffer solution as
mobile phase B. By adjusting the ratio of mobile phase A and B, the
concentrations of (R)-ZINC-3573 ranging from 0 to 1 X 1077 mol/L
were achieved. Also, the retentions of Z-3578 to be measured were
recorded.

Surface Plasmon Resonance. Surface plasmon resonance (SPR)
tests were performed to evaluate the interaction strength between Z-
3578 and MrgX2. Target proteins were immobilized on the CMS
sensor chip (Cytiva, USA) and $% SDS running buffer (SDS
dissolved in 1.05 X PBS-P) at a flow rate of 30 uL/min. Serial
dilutions of Z-3578 with concentrations ranging from 0.195 to 3.125
UM were run through, and the chip was regenerated with glycine 2.0.
The resulting data were fitted to a 1:1 binding model and analyzed by
Biacore T200 software.

Molecular Docking. The compound structure was drawn by the
program ChemDraw 21.0.0 and transformed into the MOL2 format
by Chem3D 8.0. Then, the compound was depicted and optimized by
Powell’s method with a Tripos force field with a convergence criterion
at 0.0 keal/(A mol) and assigned with Gasteiger—Hiickel method by
SYBYL-X 2.0. The MrgX2 model was downloaded from PDB BANK
(PDB code: 7S80). Dehydrate and hydrogenation of the protein were
done using SYBYL-X 2.0 to create an active pocket. Semiflexible
molecular docking of the optimized small molecules was performed
with the protein. The results were visualized using PyMOL (https://
pyrnol.org/Z/).

Statistical Analysis. All results are presented by mean + SEM,
and significant differences were calculated by one-way ANOVA and
unpaired t tests. Differences were considered significant at *P < 0.05,
**P < 0.01, and ***P < 0.001.
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